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SUMMARY 
This thesis investigates improvements in the design and use of magnetic sector 
deflectors in electron optics. Magnetic sector deflectors are an essential component to 
various charged particle beam imaging instruments, such as the low energy electron 
microscope (LEEM).  In the following work, their possible use in the scanning 
electron microscope (SEM) is also investigated. By inclusion of magnetic sector 
deflectors into SEM design, a new type of spectroscopic SEM (SPSSEM) is made 
possible, one that is in principle capable of acquiring high image resolution with the 
capture of the full energy spectrum of scattered electrons. This instrument promises to 
be a powerful analytical tool in surface science and high resolution microscopy. 
 
Only magnetic sector deflectors with circular geometry are considered since they 
have some significant advantages over the more conventional straight-edged deflector 
designs, such as square-shaped sector deflectors. Circular shaped magnetic sector 
deflectors are not only simple to manufacture and align, they are also well suited for 
different deflection angles, unlike straight edged sector deflectors that are restricted to 
operate at one angle only.  Simulation work carried out in this thesis predicts that it is 
possible to use magnetic sector deflectors to deflect electron beams of different 
energies or charged particles of different charge-to-mass ratios simultaneously, while 
still preserving a round beam shape. This gives rise to the possibility of making novel 




Detailed electron optical characteristics of circular magnetic sector deflectors are 
analyzed through numerical simulations and tested by experiment. Simulation results 
predict that the image aberrations of magnetic sector deflectors can be designed to be 
relatively small, well below 2nm for most applications. Preliminary experiments 
confirm this prediction. 
 
A circular magnetic sector deflector with two concentric pole-pieces was simulated 
by direct ray tracing, using magnetic fields solved by the finite element method. Ways 
to operate the magnetic sector deflector in order to achieve stigmatic deflection of an 
electron beam were studied. Geometric and chromatic aberrations as well as energy 
dispersion were investigated and the feasibility of using this type of magnetic sector 
deflectors in LEEM and the spectroscopic scanning electron microscope is evaluated.  
 
A method using simplified boundary conditions to solve the magnetic field 
distribution is outlined and used in the simulation work. The aberration limited probe 
size dependence upon different relative magnetic sector deflector dimensions was 
simulated. The stigmatic deflection of different deflection angles and their imaging 
aberrations was investigated. The possibility of simultaneously using different beam 
energies and/or charge-to-mass ratios was also studied. 
 
A circular magnetic sector deflector with three pole-pieces was simulated and 
operating conditions to achieve stigmatic deflection and very low energy dispersion is 
vii 
outlined. Aberration values were extracted and compared to the magnetic sector 
deflector with two pole-pieces. 
 
Experiments using the circular magnetic sector deflector with two pole-pieces were 
carried out, and results are compared to simulation predicted ones. The study 
established the correct operating conditions in order to achieve stigmatic 90° 
deflection, calculated image aberrations under various conditions, and investigated 
whether additional stigmator correction is needed. 
 
The spectroscopic properties of the circular magnetic sector deflector with two pole-
pieces were also simulated, and its use as an energy spectrometer for the SPSSEM is 
predicted to be feasible. 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Background and Literature Review 
The following work is directed towards improvements in the design and use of 
magnetic sector deflectors. Magnetic sector deflectors are widely used in electron 
microscopy to deflect electron beams. They consist of a number of magnetically 
excited pole-piece pairs, arranged symmetrically on both sides of a mid-plane that 
contains the curved optical axis, as shown in Fig. 1.1. The x-y plane, in which 
deflection occurs, will be referred to as the in-plane and the plane perpendicular to it, 
in the z-direction, will be referred to as the out-of-plane. Magnetic sector deflectors 
are based on the fact that charged particles (electrons) travelling in a magnetic field 
are acted upon by a force in a direction perpendicular to both the direction of travel 
and the direction of the magnetic field. The main advantage of magnetic sector 
deflectors over electrostatic ones is that they are easily excited. Electrostatic 
deflectors require the application of high voltages for high beam energies, and care 
must be taken in the design to prevent electrical discharge.  
2 
  
Fig. 1.1. Schematic representation of the magnetic sector deflector and its action upon 
an electron beam. 
 
An interesting feature of magnetic sector deflectors is that they not only deflect 
electrons, but can also focus them, see Fig. 1.2. Although magnetic sector deflectors 
have focusing properties, but they do not generally focus stigmatically. Stigmatic 
focusing of the electron beam (sometimes referred to as double focusing) is 
characterised by two things: the focus positions and exit semi-angles in both in-plane 
and out-of-plane must be equal.  
 
Fig. 1.2. The focusing action of a magnetic sector deflector. 
 
The simplest magnetic sector deflector consists of a single pole-piece pair. Its main 








diverging beam, deflection results in first order focusing in the plane of the sector 
pole-pieces but not in the direction perpendicular to it. Early attempts to achieve the 
same focusing properties in both in-plane and out-of-plane, that is, stigmatic focusing, 
used stigmator units. Later work saw the introduction of curved sector pole-pieces 
[1.1], where magnetic fringe fields at the pole-piece edges provided a focusing action 
in the out-of-plane direction of the deflected beam. With the use of curved edges, 
stigmatic focusing can in principle be achieved, but the magnetic field is fixed (for a 
certain deflection angle) and tuning of the stigmatic action is not possible. In order to 
tune the stigmatic action Liebl and Senftinger [1.2] proposed an electrostatic ring 
around a single circular magnetic sector pole-piece. Electrons pass through a hole in 
the electrostatic ring and the stigmatic action can be controlled by varying the applied 
voltage. To do imaging with a single magnetic sector deflector requires small 
aberrations in addition to the stigmatic condition. One way to achieve this is to use a 
small deflection angle, see for instance Adamec et al. [1.3]. 
 
To envisage exactly how the magnetic fringe fields of sector pole-pieces provide a 
focusing action in the out-of-plane is not a trivial task. Basically, fringe field 
components in the in-plane (in the x- or y-direction) couple together with in-plane 
velocity components to generate a force in the out-of-plane (z-direction). 
 
The concept of using several sectors to make up one deflector unit was introduced 
into electron optics by Kolarik et al. [1.4]-[1.5] as a means to stigmatically deflect an 
electron beam by tuning the magnetic excitation of the sector pole-pieces. These 
4 
magnetic sector deflectors consist of closely segmented magnetic sector pole-piece 
pairs, where each sector is excited individually. The fringe fields between sector pole-
pieces act as magnetic multipole components. In these deflectors, the inclination 
angle γ between the sector edge normal and the optical axis, see Fig. 1.3, as well as 
the magnetic excitation of the sectors is important to achieve stigmatic focusing. 
Thanks to this characteristic, magnetic sector deflectors can be incorporated into a 
wide variety of electron beam instruments, which are for the most part of the round 
lens type. 
 
Fig. 1.3. Schematic representation of a simple square magnetic sector deflector. The 
electron beam is deflected by the outer sectors and the optical axis is therefore 
inclined towards the centre sector normal by an angle γ. 
 
Kolarik et al. used first order matrix optics calculations to investigate a few different 
magnetic sector deflector designs in order to demonstrate how optical properties (such 
as astigmatism and energy dispersion) change depending on the sector geometry and 
magnetic sector excitation. They studied stigmatic focusing conditions for 90° 
deflection by simple square magnetic sector deflectors and tried varying the pole-
piece edge angles. However, the designs are only stigmatic at one point outside the 




an electron source or crossover is located a certain distance from the sector pole-piece 
edge. Aberrations were believed to be small but no values were given. 
 
Rose’s group in Darmstadt have investigated magnetic sector deflector designs that 
are stigmatic in every plane outside the deflector, and ones that have small aberrations. 
Rose et al. [1.6]-[1.7] investigated the simple square magnetic sector deflector, with 
one centre square sector pole-piece and a sector “frame” pole-piece around it. The 
investigation was done to the first order by using the sharp cut-off fringing field 
(SCOFF) approximation in combination with the Schwarz-Christoffel method of 
conformal mapping. The design is claimed to be stigmatic to the first order in every 
plane outside the sector deflector. The resolution limit, for a LEEM application was 
given as several nanometers for typical operation conditions. A more involved design 
for dispersion free deflection was also outlined. Both magnetic sector deflectors were 
designed for 90° deflection. 
 
Tsuno et al. [1.8] considered a magnetic sector deflector design based on the initial 
work by Kolarik et al. for 90° deflection, with the aim to improve the stigmatic 
conditions to more than one focusing point. Aberrations were not discussed. They 
performed direct ray tracing simulations and demonstrated limitations in the SCOFF 
approximation, which does not account for the deflection done by the fringe field just 
inside the field clamp surrounding the sector pole pieces. SCOFF assumes a 
perpendicular entrance towards the outer sector. Rose and Krahl addressed the 
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inadequacy of the SCOFF approximation and presented calculations using the 
extended fringing fields (EFF) [1.9]. 
 
Mankos in a patent proposal [1.10], states that the simple square magnetic sector 
deflector by Rose et al. [1.7] “is problematic and disadvantageous in that a very high 
level of accuracy of the inner and outer sector lengths is required in order to achieve 
stigmatic imaging”. He then outlines an improved square magnetic sector deflector 
that incorporates additional sector pole-pieces in the path of the beam, as shown in 
Fig. 1.4. The extra sectors help to align the electron beam and can compensate for 
machining errors, while the deflection can be kept stigmatic for the focus at the image 
plane and keep the aspect ratio of the image area unchanged. No information was 
given on whether the added sectors will degrade the achievable resolution.  
 
Fig. 1.4. Schematic of the improved square magnetic sector deflector by Mankos 
[1.10]. The centre sector plus the four surrounding sectors comprise the simple square 
design. Here, an additional four sectors have been added. 
 
The dispersion free design presented by Rose and Preikszas in [1.6] was further 
improved in [1.11] and a new design for 90° deflection was presented. It is predicted 
to have very low aberrations and dispersion, but at the cost of a more complex layout. 
7 
The magnetic sector deflector consists of many sector parts, and great care must be 
taken when machining and aligning individual sector pole-pieces. The manufacturing 
process and testing of such a unit was presented by Hartel et al. [1.12]. They 
incorporated the magnetic sector deflector into a tungsten SEM, where scanning was 
performed after the electron beam had been deflected, and then carried out various 
experiments in order to determine its performance. It was not found to degrade the 
original resolution of the SEM, which lay around 10 nm.  
 
Kan et al. [1.13] investigated the simple square and circular designs for 90° deflection 
of a parallel incoming electron beam, and found stigmatic operating conditions in one 
plane for both cases. A better performance was predicted for the circular design, 
based on the investigation of focus length, not including the exit semi-angles 
(magnification). No quantification in terms of aberrations was done and chromatic 
effects were not accounted for. Simulations of off-axis aberrations revealed distortion 
in the image area but it was not predicted how individual image points would be 
affected. Kan et al. [1.14] further investigated a circular magnetic sector deflector unit 
in experiments. Again, the investigation was mainly concerned with finding stigmatic 
focusing (for the image area). Images of a Ag-dot array on a Si(100) substrate were 
presented, but aberrations and resolution were not discussed. Kan et al. did not 
mention the possibility of using circular magnetic sector deflectors to deflect the 
electron beam by angles other than 90°. 
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Magnetic sector deflectors are of great use in electron optical applications where the 
primary beam must be separated from scattered electrons emerging from the 
specimen. The most wide spread use of this has perhaps been in the low energy 
electron microscope [1.15], which will be described in subsection 1.2.1, with the most 
successful implementation so far being that of Tromp et al. [1.16]-[1.17].  
 
Another proposed use for the magnetic sector deflector is in electron mirror 
correction of aberrations, which has been proposed for LEEM by Skoczylas (single 
sector) [1.18] and Rose and Preikszas [1.6]. It is also being implemented in two 
different projects on photoemission electron microscopy (PEEM) named SMART 
[1.19] and PEEM3 [1.20]. Both use the magnetic sector deflector developed by 
Muller et al. [1.11]. The PEEM3 research team has published results based on 
numerical simulations [1.21] that are in line with the findings reported by Muller et al. 
They have also outlined alignment strategies [1.22] in order to avoid large aberrations 
due to misalignment errors. 
 
1.2 Motivation of This Work 
The motivation for this work comes from the need to extend the magnetic sector 
deflector’s use in the low energy electron microscope (LEEM), and analyse its 




1.2.1 The Low Energy Electron Microscope 
The low energy electron microscope (LEEM) has many different operational modes, 
and only the general concept is presented here. Interested readers are referred to the 
more detailed texts by Bauer [1.15] and Veneklasen [1.23]. The central idea of the 
LEEM instrument is to achieve parallel imaging of a specimen surface. By parallel 
imaging is meant that the primary beam illuminates the whole image area 
simultaneously, and the image is then projected on to an image detector. This is 
different from the sequential imaging done by SEMs, where electrons are raster 
scanned over the specimen surface. In a way, LEEM is the surface imaging version of 
the transmission electron microscope (TEM), which also images in parallel. Parallel 
imaging can be done in real-time, which allows the capture of dynamic surface 
processes that are often too fast for sequential imaging. Because the primary beam 
illuminates the whole image area simultaneously, LEEM also avoids high intensity 
electron beam interaction with the specimen, and thus may prevent damage to 
sensitive specimens.  
 
Transferring the image from the specimen plane to the image detector is not a trivial 
task in LEEM. Obviously, the illuminating column makes direct image detection on 
the same optical axis difficult. At the same time, LEEM requires both primary beam 
and scattered electrons to pass through the objective lens. It is therefore necessary to 
separate the scattered electrons from the primary beam, without introducing 
significant aberrations on the final image. This task can be carried out by a magnetic 
sector deflector. A schematic representation of a typical LEEM instrument is shown 
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in Fig. 1.5. An illuminating column, containing the electron gun and condenser lenses, 
projects an electron primary beam into the magnetic sector deflector that bends the 
primary beam on to the optical axis of the objective lens, illustrated here at 90° 
deflection. The objective lens is of the retarding field type and scattered electrons 
from the specimen surface are accelerated by the lens electric field towards the 
magnetic sector deflector, which deflects them away from the primary beam. The 
specimen image is magnified by the transfer/projector lenses of the imaging column 
before it is finally captured by the image detector. 
 
Fig. 1.5. Schematic representation of a LEEM setup. 
 
A variation on the original LEEM concept, where charge neutralisation is achieved by 
using two primary beams of different energies, has been proposed in a series of 
patents by a research group in KLA-Tencor, headed by Adler. Two primary beams 
from separate sources are combined together by a specially designed magnetic sector 
deflector has been patented by Veneklasen et al. [1.24]-[1.25], in the KLA group. A 
drawback of this design was highlighted in a following patent by Mankos and Adler 
[1.26]. They pointed out that the difference in deflection angles between the two 












must be placed very close to each other. They presented an instrument with a special 
type of electron gun that supplies two primary beams, of different energies, along the 
same optical axis to overcome this limitation. The two beams are separated by an 
energy filter before being combined together by a magnetic sector deflector. 
 
1.2.2 Proposal for a Spectroscopic Scanning Electron Microscope (SPSSEM) 
Based on the Use of Magnetic Sector Deflectors 
1.2.2.1 Previous Energy Spectrometers for the SEM 
A wide variety of energy spectrometers have been designed for the SEM over the last 
four decades. They can be roughly classified according to the location of the 
spectrometer, the intended electron energy range, and whether electrons are detected 
sequentially or in parallel. Recording sequentially here means that the scattered 
electrons are detected by a band pass spectrometer (usually by placing a slit in front 
of the detector), whose pass energy is swept in time. Recording in parallel means that 
electrons of all energies (or at least over a large energy range) are recorded 
simultaneously. Detecting in parallel is usually desirable as it greatly shortens data 
acquisition times. 
 
Placing the spectrometer directly below the SEM objective lens is the simplest design, 
and it allows a conventional SEM to be used. A schematic of this design is shown in 
Fig. 1.6a. Examples are the spectrometers designed by Feuerbaum [1.27] for 
secondary electrons, by Jacka et al. (parallel acquisition) [1.28]-[1.30] for Auger 
electrons, and by Rau et al. [1.31]-[1.33] for backscattered electrons. The drawback 
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of this kind of design is that placing the spectrometer between the objective lens and 
the specimen inevitably increases the working distance, resulting in larger aberrations, 
which in turn significantly degrades the image resolution. 
 
Fig. 1.6. Schematic representation of electron energy spectrometers in the SEM. (a) 
Below the objective lens. (b) Through the lens with spectrometer on-axis. (c) Through 
the lens with spectrometer off-axis.  
 
To achieve good image resolution, the main approach has been to use a through-the-
lens design, where scattered electrons travel up through the objective lens bore before 
reaching the spectrometer (located above the objective lens). These objective lenses 
often involve immersing the specimen in a magnetic and/or electrostatic field. In 






















axis, as is shown schematically in Fig. 1.6b. Proposals of this kind include those made 
by Frosien and Plies [1.34], and Richardson and Muray [1.35]. These spectrometers 
must then of course be designed so that they do not significantly disturb the primary 
beam. In other designs a separator is first used to deflect scattered electrons off the 
primary beam axis and the spectrometer is located well away from the primary beam, 
as shown in Fig. 1.6c. The Wien-filter and hemi-spherical deflector have both been 
used as separators. Examples of this kind are the spectrometer systems by Kruit and 
Venebles [1.36] for secondaries and Auger electrons, and by Kienle and Plies for 
parallel acquisition of secondary electrons [1.37]. Through-the-lens designs must deal 
with the difficulties of separating scattered electrons from the primary beam. This is 
particularly difficult when the energy of the scatted electrons is close to that of the 
primary beam. This not only concerns backscattered electrons, but also Auger and 
secondary electrons in low voltage SEMs. 
 
Wells and Munro [1.38] proposed a spectrometer design for backscattered electrons, 
which is located entirely between the objective lens pole pieces. 
 
Other designs include the time-of-flight (TOF) concept, where through-the-lens 
scattered electrons are allowed to drift and spread out in time according to their initial 
energies (velocities) and are detected by a multi-channel plate (MCP) that has a hole 
through it to allow passage of the primary beam. This type of spectrometer has been 
proposed by Khursheed and Dinnis [1.39]. The TOF spectrometer has the advantage 
that its filtering action does not interfere with the primary beam, since it lies on the 
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optical axis. It is also inherently multi-channel, allowing for the detection of the entire 
scattered electron energy range. Data-acquisition times for the TOF spectrometer 
were predicted to be shorter by over one order of magnitude compared to 
conventional spectrometers [1.40]. The TOF spectrometer is the only energy 
spectrometer to date that has captured the entire energy range of scattered electrons in 
an SEM, from the low-energy secondaries to the elastic backscattered electrons [1.41]. 
 
In LEEM the separation of scattered electrons from the primary beam has been solved 
by using a magnetic sector deflector. The spectroscopic SEM proposal is based on the 
same idea. Scattered electrons are separated from the primary beam by a magnetic 
sector deflector, but in addition, the deflector is also used to disperse the scattered 
electrons in energy. The idea is to achieve SEM like imaging together with the 
capture of the full energy spectrum of the scattered electrons. The idea of using a 
magnetic sector deflector in an SEM design to capture the electron energy spectrum 
was mentioned in passing by Rose and Preikszas [1.6], but they did not develop it. 
 
1.2.2.2 The Spectroscopic SEM Concept 
The work carried out during this candidature saw the possibility for a novel SEM 
design that allows high image resolution while capturing the full energy spectra of all 
electrons leaving the specimen, and the concept was published in [1.42]. The design 
will be referred to here as the spectroscopic SEM (SPSSEM). The SPSSEM layout is 
shown in Fig. 1.7. It includes a conventional SEM column (comprising the electron 
gun, condenser lenses and scan coils), which projects a primary beam towards the 
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centre of a magnetic sector deflector that bends the primary beam so that it travels 
along the optical axis of the objective lens. The proposed objective lens is a mixed 
electrostatic and magnetic field immersion lens, which retards the primary beam to a 
landing energy of around 1 keV or lower. In Fig. 1.7 a 90° deflection is depicted but 
other deflection angles are also possible.  
 
Fig. 1.7. Schematic layout of the SPSSEM. 
 
Scattered electrons are accelerated by the objective lens electric field towards the 
magnetic sector deflector, which deflects them away from the SEM column. The 
scattered electrons can then be subsequently captured by an array of 
detectors/spectrometers placed far from the SEM column and objective lens. In this 
way the scattered electrons are essentially unrestricted by space constraints and very 
high collection efficiency can be expected. Electrons will also be well separated 
according to their initial energy, and secondary, Auger and backscattered electrons 












beam is preferably done before it is deflected, so that the scan unit does not interfere 
with the scattered electrons. 
 
One of the aims of this thesis is to investigate the achievable final probe size 
(aberrations) for the magnetic sector deflector, and to determine whether or not 
additional corrector elements are needed. Only the focus at the image plane needs to 
be stigmatic, as the shape of the raster scanned image area can be adjusted by 
changing the scanning coil excitations within the SEM column. Dispersion must not 
affect the primary beam significantly but at the same time significantly disperse the 
scattered electrons. The electron gun should therefore be of the field-emission type, 
because of its low energy spread (around 0.5 eV). The effect of the initial angular 
spread of the scattered electrons on the final energy spectrum needs to be investigated. 
The collimation of scattered electrons and their collection efficiency must be 
addressed too. 
 
1.2.3 Magnetic Sector Deflector Designs to be considered 
Most of the magnetic sector deflector proposals reviewed earlier use straight sector 
pole-piece edges and many of them form an inclination angle between the electron 
beam optical axis and the edge normal. As mentioned previously, this is to ensure that 
magnetic fringe fields provide stigmatic focusing. The performance of these kinds of 
deflectors is very dependent on the accuracy of manufacturing and alignment of its 
individual sector pole-pieces. A simpler design is desirable. The square magnetic 
sector deflector has a simple design but like all straight edged sector deflectors, it is 
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restricted to a single deflection angle. A circular magnetic sector deflector with one 
centre sector pole-piece and one outer sector pole-piece ring is easy to manufacture 
and align, and it is likely to be able to deflect an electron beam through an arbitrary 
angle. The simple circular magnetic sector deflector was investigated by Kan et al. 
[1.13]-[1.14], but their investigations were limited as was mentioned in section 1.1. 
The aim of the research work outlined in this thesis was to investigate the possibility 
of using the circular magnetic sector deflector for use in LEEM and the SPSSEM. 
This involves both characterising the aberrations of the circular magnetic sector 
deflector, as well as studying its dispersion action on scattered electrons.  
 
The operation of simple magnetic sector deflector designs have so far been optimised 
for stigmatic deflection of a single plane located at a certain distance from the sector 
pole-piece edge. This results in astigmatism at other planes, which have to be 
corrected for by additional stigmator units. Rose and Preikszas [1.6] presented 
operating conditions for a simple square magnetic sector deflector that are predicted 
to result in first order stigmatic focusing in every plane outside the magnetic sector 
deflector. But so far, the use of additional stigmator correctors seems to have been 
necessary, see for instance Tromp et al. [1.16]-[1.17]. Stigmatic focusing at a single 
image plane is adequate for the proposed SPSSEM, and also for certain LEEM modes 
of operation. How best to operate the simple circular magnetic sector deflector so that 
its image plane is stigmatic without the use of additional correctors is investigated in 
this thesis.  
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So far, most magnetic sector deflector investigations have not calculated aberrations 
in detail or predicted resolution limits. In this study, both the geometric and chromatic 
aberrations of the magnetic sector deflector will be analysed, as well as their effect on 
the attainable resolution in the SPSSEM and LEEM.  
 
The possibility of stigmatically deflecting more than one beam for different deflection 
angles, different beam energies and different charge-to-mass ratios is also 
investigated, as this raises the possibility of designing instruments with combined 
electron and ion beams. 
 
Magnetic sector deflectors are generally energy dispersive, unless specially designed 
to be achromatic. Proposed non-dispersive sector arrangements have so far been quite 
complex, and finding simpler non-dispersive designs will also be investigated. 
 
1.3 Scope of Thesis 
This thesis is divided into seven chapters. Chapter 2 describes the simulation of 
circular magnetic sector deflector designs, using two concentric pole-pieces, and 
predicted aberrations are presented. In chapter 3, a circular magnetic sector deflector 
design with three concentric pole-pieces is investigated. In chapter 4, experimental 
results from an investigation of the probe forming capabilities of a simple circular 
magnetic sector deflector with two pole-pieces are given. Chapter 5 presents 
simulated spectroscopic properties of the circular magnetic sector deflector with two 
pole-pieces, and a simple way of collecting scattered electrons is proposed. Some 
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suggestions for future work and the conclusions of the thesis are presented in chapters 
6 and 7, respectively. 
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CHAPTER 2  
SIMULATION OF A CIRCULAR MAGNETIC SECTOR 
DEFLECTOR WITH TWO POLE-PIECES 
 
2.1 Introduction 
Magnetic sector deflector investigations have so far mainly considered straight edged 
sector pole-pieces, see for instance [2.1]-[2.3]. Indeed, using curved edges in 
magnetic deflectors has been discouraged in work with the magnetic Ω-filter [2.4]. 
Apparently, curved edges complicate beam alignment within the filter, and this 
complication grows with the number of deflection elements. Kan et al. simulated a 
magnetic sector deflector with two circularly symmetric pole-pieces [2.5]-[2.6]. 
However, their study did not make predictions about the final probe size or dispersion. 
In general, the magnetic sector deflectors proposed so far, either suffer from 
astigmatism and energy dispersion [2.1],[2.6], or have been highly complex in their 
design [2.3]. The latter case provides a challenge in terms of machining and 
alignment accuracy. 
 
The study in this chapter used direct ray tracing simulations to investigate the 
possibility of including circular magnetic sector deflector designs in electron optics, 
from an imaging point of view (with spectroscopic applications addressed in chapter 
5). The advantages of a circular design include ease of manufacturing and alignment 
of the sector pole-pieces.  
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Here, a circular magnetic sector deflector design with 2 concentric pole-pieces has 
been considered, it is based on the square pole-piece configuration presented by 
Kolarik et al. [2.1]. In the present work, an inner circular pole-piece is surrounded by 
a ring shaped pole-piece, and enclosed by an outer casing (for shielding purposes), as 
is illustrated in Fig. 2.1. It will be shown in this chapter that this design is particularly 
well suited for an incoming beam that converges at the centre of the unit, a beam 
condition that is known to give small image aberrations [2.7]. The complication in 
beam alignment, mentioned in [2.4], does not arise here due to the simplicity of the 
design. 
 
The study includes the stigmatic deflection and aberration characterisation of electron 
beams (ion beams are considered in the context of combined electron and ion beam 
deflection). Important to the forming of a final probe are the incoming beam 
conditions, and the magnetic excitations of the sector pole-pieces. The changes in 
aberrations when varying the relative dimensions of the sector deflector unit, the 
effect of different deflection angles, beam energies and charge-to-mass ratios were 
also simulated. This has not been done in detail before.  
 
2.2 Simulation foundations and assumptions 
In most electron beam systems the optic axis is a straight line, but in the case of the 
magnetic sector deflector it is curved. The plane of the curved optic axis lies parallel 
to the end surface of the sector pole-pieces, or the in-plane, x-y plane in Fig. 2.1. The 
plane perpendicular to the in-plane is the out-of-plane, x-z plane in Fig. 2.1. The in-
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plane located at half gap distance (in the z direction) becomes an odd-symmetry plane 
for the magnetic scalar potential when the sector pole-pieces are excited. 
 
Fig. 2.1. Schematic layout of the circular magnetic sector deflector. All shaded areas 
represent magnetic material. Coordinate axes and dimensional variables are also 
indicated. 
 
It is clear that changes in the magnetic excitations of the sector pole-pieces will not 
only alter focusing properties, but also affect the shape of the optic axis as well. In 











deflector unit will determine how well the stigmatic focusing condition can be 
fulfilled. Determining the electron optical properties of a magnetic sector deflector is 
therefore not a trivial task.  
 
The aberration characteristics of the circularly symmetric magnetic sector deflector 
were investigated by computer simulations. Results are presented in this thesis in a 
form that can be verified and used by others and is relevant to spectrometer as well as 
beam separator applications. The calculation of on-axis geometric and chromatic 
aberrations for the magnetic sector deflector involved ray tracing of electrons with 
different semi-angles and energies within the incoming beam, and storing their 
positions and direction of travel at a selected plane after deflection.  
 
The geometry of the magnetic sector deflector is such that it is difficult to arrive at an 
analytical solution of the magnetic field distribution, and a numerical method is 
therefore used. Here, a computer program based on the finite element method (FEM) 
was used to solve the field distribution.  
 
In using the FEM, the domain to be analysed is divided into a mesh, consisting of a 
large number of ‘finite elements’. Wherever an interface occurs between two media 
(e.g. at the surface of the pole-pieces), the mesh lines are chosen to coincide with the 
interface, allowing for great flexibility in the modelling of any shape.  Magnetic 
vector potential values are assigned to each mesh-point, and are assumed to vary 
linearly across each element. It is possible, within the FEM framework, to take into 
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account of the non-linearity of magnetic materials (including saturation) as well as 
magnetic field generating currents [2.8]. More details on FEM are given in Appendix 
A. 
 
For the simulations to be reliable, the magnetic field distribution close to the plane of 
the optic axis (the region traversed by the electron beam) needs to be modelled 
accurately, requiring that mesh line spacing vary in the sub-micron range. The 
accuracy of the FEM solution is directly dependent on the mesh density used [2.8].  
 
The magnetic sector deflector considered here is cylindrically symmetric and can 
therefore be modelled as a two-dimensional problem, allowing a dense mesh to be 
used. Therefore, a two-dimensional rotationally symmetric FEM program from the 
KEOS package [2.9] was used to calculate the magnetic field distribution. The 
number of nodes used in these simulations was close to 200 000 and the mesh spacing 
in crucial parts of the deflector was below 1 μm. Saturation effects were not taken 
into account in this work, as it was necessary to frequently scale the magnetic field 
during simulations, however, it does not change the form of the field distribution 
around the optical axis.  
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Fig. 2.2. Close up of the FEM mesh used to model the magnetic sector deflector. The 
mesh is denser in between the sector pole-pieces (shown in grey), where the magnetic 
field changes most rapidly, and towards the symmetry plane, which is where the 
electrons travel. 
 
The dimensions of the circular magnetic sector deflector in this study have been kept 
relatively small so that a unit based on these simulations can be manufactured and 
tested inside a standard SEM. The dimensions as defined in Fig. 2.1 were; inner pole-
piece radius r = 3 mm; outer pole-piece width w = 2 mm; distance between inner and 
outer pole-pieces Δ = 1 mm; distance between outer pole-piece and casing Γ = 4 mm; 
and the out-of-plane gap size 2g = 2 mm. A close-up of the FEM mesh that was used 
to model the magnetic sector deflector is shown in Fig. 2.2, and a plan view of the 
















Fig. 2.3. Plan view of the simulated magnetic field distribution for the circular 
magnetic sector deflector. Here, the magnetic field directions in the inner and outer 
sector pole-pieces point in opposite directions. 
 
Electron trajectories were plot using a 4th order Runge-Kutta program, also from the 
KEOS package [2.9]. Details on the electron trajectory plotting method used are 
given in Appendix B. Small oscillations could be observed in the in-plane focus 
position as the entrance beam semi-angle was varied. The amplitude and frequency of 
these oscillations were found to be mesh density dependent and for most simulations 
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 (a) (b) 
 
 (c) 
Fig. 2.4. Examples of simulated electron trajectories through the circularly symmetric 
magnetic sector deflector. Three incoming beam conditions are considered; (a) an 
incoming diverging beam; (b) an incoming parallel beam; and (c) an incoming 
converging beam. 
 
It was assumed that a round beam of electrons may be converging, parallel, or 
diverging as it enters the magnetic sector deflector, as is shown in Fig. 2.4. 
“Converging” here means that the incoming electrons are projected to focus at the 
centre of the deflector. The incoming parallel and diverging beams form a real spot at 
the image plane, while the incoming converging beam case forms a virtual spot, 
whose position and radius can be calculated by projecting the outgoing trajectories 
back to the centre plane of the sector deflector, see Fig. 2.5. 
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Fig. 2.5. Schematic of a deflected electron trajectory, projected back (dashed line) to a 
virtual focus, for the case of an incoming converging beam. α is the exit semi-angle 
and Δr is the on-axis aberration limited probe radius. 
 
For the purposes of characterizing the aberrations of magnetic sector deflectors, no 
distinction has been made between the real and virtual image spot. A simple estimate 
of the aberrations in each case was found by assuming that the beam emanates from a 
single source point and is to be focused at a single image point. Since the magnetic 
sector deflector is not rotationally symmetric around the optic axis, in-plane 
aberrations are generally different from the out-of-plane aberrations. 
 
By using electron exit-positions and directions of travel to project trajectories back to 
the centre plane of the sector deflector, the aberration limited probe radius Δr can be 
estimated. Here, Δr has been quantified in terms of low order aberration coefficients, 
up to first order in relative energy spread κ, and third order in exit semi-angle α. The 




21 ααα GGG CCCr ++=Δ  (2.1) 
and the chromatic aberration limited probe radius is approximated as 








Equations (2.1) and (2.2) are used in subsection 2.3.1, where on-axis aberration 
coefficients are extracted from graphs by polynomial fitting. 
 
The circular magnetic sector deflector considered here has been simulated for 90° 
deflection of a 6 keV electron beam. 90° deflection can be achieved for a range of 
inner and outer sector excitations, 0Ψ and 1Ψ , respectively. The simulation predicted 
excitations that result in 90° deflection are shown in the graph of Fig. 2.6. It is seen 
that for any given inner sector excitation 0Ψ there is a certain corresponding value for 
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Fig. 2.6. Graph showing the predicted relation between inner and outer applied sector 
excitation strengths that results in a 90° deflection. 
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2.3 Stigmatic Operation 
Figs. 2.7-2.9 show the simulated dependence of focus position and exit angle on the 
inner sector excitation, for the three different incoming beam conditions. The 
diverging case was chosen so that its assumed starting point and final focus point 
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Fig. 2.7. Graphs show deflected focusing conditions for an incoming diverging beam. 
(a) focus position as a function of the applied inner sector excitation, and (b) exit 
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Fig. 2.8. Graphs show deflected focusing conditions for an incoming parallel beam. (a) 
focus position as a function of the applied inner sector excitation, and (b) exit semi-
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Fig. 2.9. Graphs show deflected focusing conditions for an incoming converging 
beam. (a) focus position as a function of the applied inner sector excitation, and (b) 













The diverging and parallel beams show similar dependencies, but the converging 
incoming beam is predicted to behave very differently. For the latter, the in-plane 
focus position and exit angle stay constant and only the out-of-plane characteristics 
change, see Fig. 2.9. The irregularities of values in the in-plane graph of Fig. 2.8b are 
mesh related, but they do not interfere with results at the stigmatic focusing condition. 
 
The stigmatic focusing conditions were found from the graphs in Figs. 2.7-2.9, as the 
inner excitation value 0Ψ where the in-plane and out-of-plane curves intersect. The 
corresponding outer excitation value 1Ψ follows the graph in Fig. 2.6. For all three 
incoming beams, the in-plane and out-of-plane focus positions were found to coincide 
at excitation values very close to that where the in-plane and out-of-plane exit angles 
coincide. All three beam conditions can therefore be considered to give truly 
stigmatic focusing. 
 
The excitations as depicted in Figs. 2.6-2.9 all refer to applied excitation values, 
which equals the number of turns in a coil times the current running through the coil. 
The generated excitation for the inner sector pole-piece will be different from the 
applied excitation, because it is part of both the inner and outer magnetic circuits. If 
the applied inner and outer sector excitation values are 0Ψ and 1Ψ , respectively, then 
the generated inner excitation value becomes 100 Ψ+Ψ=Ψ′ . The generated excitation 
value for the outer sector does not change, 11 Ψ=Ψ′ . It is the generated excitation that 
determines the magnetic field between sector pole-pieces. Simulation predicted sector 
excitations for stigmatic deflection is presented in Table 2.1. 
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Table 2.1. Magnetic sector excitations for stigmatic deflection. 0Ψ and 1Ψ are the 
applied inner and outer sector excitations, respectively, while 0Ψ′ and 1Ψ′ are the 
generated inner and outer sector excitations, respectively. 




100 Ψ+Ψ=Ψ′  
(AT) 
11 Ψ=Ψ′  
(AT) 
Diverging -10.84 34.94 24.10 34.94 
Parallel -11.33 35.03 23.70 35.03 
Converging 79.11 -9.11 70.00 -9.11 
 
These values show one obvious difference at stigmatic focusing for the converging 
beam, as opposed to the two others, in that the magnetic field point in an opposite 
direction for the inner and outer sector pole-pieces. This results in a slightly 
meandering path through the deflector, as is observable in Fig. 2.4c. 
 
2.3.1 On-axis Aberrations 
In order to investigate how the circular magnetic sector deflector affects an electron 
beam, on-axis geometric and chromatic aberrations had to be calculated. This was 
done by ray tracing electrons with different initial conditions through the deflector. 
To see the effect of geometric aberration, the final probe size dependence on exit 
semi-angle was monitored. This was carried out by varying the incoming semi-angle 
or, for the parallel case, varying the incoming off-axial position. For chromatic effects, 
probe size dependence on both beam energy and exit semi-angle were monitored. 
 
Graphs of the simulation predicted beam radius dependence on the exit semi-angle, 
for different incoming beam shapes, are presented in Fig. 2.10. An electron beam 
energy E = 6 keV and with energy spread ΔE = 0.6 eV has been assumed, resulting in 
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a relative energy spread 410−=Δ=
E
Eκ . These values are typical for a Schottky type 
electron gun. The exit beam semi-angle α was monitored between -5 to 5 mrad. 
Comparing the different incoming beam conditions, it can be seen that for beam semi-
angles of around 1 mrad the predicted probe radii for incoming diverging and parallel 
beams are limited by in-plane chromatic aberration, with the parallel beam predicted 
to perform better than the diverging one. An incoming converging beam is not 
predicted to be limited by its in-plane chromatic aberration, but instead by the out-of-











































































Fig. 2.10. Electron probe radius as a function of exit semi-angle after 90° deflection, 
for an incoming converging beam. (a) Diverging beam, (b) parallel beam, and (c) 
converging beam. 
 
It can be seen from Figs. 2.10a-b that for the parallel and diverging cases, the in-plane 
geometric aberration is predicted to be asymmetric with respect to the exit semi-angle. 




electrons travelling in the in-plane for a parallel or a diverging beam follow distinctly 
different trajectory paths. The individual trajectory shapes and path lengths are 
different, as is seen from the trajectory plots in Figs. 2.4a-b. A negative semi-angle in 
the graphs of Figs. 2.10a-b corresponds to a longer trajectory path, and a larger 
predicted in-plane geometric aberration than for a shorter trajectory path. In contrast, 
electrons travelling in the in-plane of a beam that is converging at the centre of the 
magnetic sector deflector all have identical path shapes and path lengths, and are in 
fact independent of the entrance angle. This cancellation of the angle dependence for 
a converging beam is due entirely to the cylindrical symmetry of the sector deflector, 
and is observable in Fig. 2.4c. As a result, the in-plane aberrations are symmetrical 
with respect to the exit semi-angle and are very small in size. Note that the 
independence of entrance angle does not hold true for a straight edged sector deflector, 
because there is no cylindrical symmetry. 
 
Aberration coefficients were extracted from curves like the ones in Figs. 2.10a-c by 
doing a least squares fit (see for instance [2.10]) of the curves. Least squares defines 








where R is usually called the “residual”, and yi are the measured values at the data 
points xi, for n number of values. Here, the fitting curves f(x) are polynomials given 
by Eqs. (2.1) and (2.2). The extracted aberration coefficients are presented in Tables 
2.2-2.7. 
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Table 2.2. Geometric aberration coefficients, diverging case. 
 33221 ααα GGG CCCr ++=Δ   
CG1 (μm) CG2 (mm) CG3 (m) 
Δr (nm) 
α = 1 mrad 
In-plane, α > 0 -82.8 107.5 -3.667 21.03 
In-plane, α < 0 37.06 96.37 -0.603 132.83 
Out-of-plane -25.58 12.87 4.610 8.10 
 




21 ααα GGG CCCr ++=Δ   
CG1 (μm) CG2 (mm) CG3 (m) 
Δr (nm) 
α = 1 mrad 
In-plane, α > 0 -14.53 12.69 -0.2552 2.10 
In-plane, α < 0 -9.374 12.57 -0.1001 3.10 
Out-of-plane 0.088 0.1742 0.3609 0.62 
 




21 ααα GGG CCCr ++=Δ   
CG1 (μm) CG2 (mm) CG3 (m) 
Δr (nm) 
α = 1 mrad 
In-plane, α > 0 0.0114 0.0089 0.00001 0.02 
In-plane, α < 0 -0.0544 0.0049 -0.0001 0.05 
Out-of-plane 0.0134 -0.0032 0.0156 0.03 
 
Table 2.5. Chromatic aberration coefficients, diverging case. 
κακ 21 CC CCr +=Δ   
CC1 (mm) CC2 (mm) 
Δr (nm) 
α = 1 mrad 
κ = 10-4 
In-plane 13.20 0 1320 
Out-of-plane 0 -63.77 6.38 
 
Table 2.6. Chromatic aberration coefficients, parallel case. 
κακ 21 CC CCr +=Δ   
CC1 (mm) CC2 (mm) 
Δr (nm) 
α = 1 mrad 
κ = 10-4 
In-plane 7.096 0 709.6 
Out-of-plane 0 -12.50 1.25 
 
Table 2.7. Chromatic aberration coefficients, converging case. 
κακ 21 CC CCr +=Δ   
CC1 (mm) CC2 (mm) 
Δr (nm) 
α = 1 mrad 
κ = 10-4 
In-plane 0.0001 0 0.01 
Out-of-plane 0 -0.1796 0.02 
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It is clear from these results that the excitation settings found for the converging beam 
case is predicted to produce the smallest probe size. Comparing the major 
contributing aberration coefficients, it is seen that in-plane geometric, in-plane 
chromatic and out-of-plane chromatic aberration coefficients for the parallel and 
diverging beams are worse than the converging beam by several orders of magnitude. 
In the case of out-of-plane geometric aberration coefficients, the parallel and 
diverging beams are worse by 1 to 2 orders of magnitude. 
 
Placing the intermediate image at the centre of the deflector (converging at the centre) 
in order to minimize on-axis aberrations is not a new concept [2.1],[2.7]. However, 
previous work has used sector excitation settings found here to be suitable for the 
diverging condition ( 0Ψ′ = 24.10 AT and 1Ψ′= 34.94 AT), with the resulting magnetic 
field pointing in the same direction for both sectors. It can be seen from Fig. 2.9 that 
using these kinds of conditions for a converging beam will result in astigmatism and 
different in-plane and out-of-plane exit angles after deflection. The excitation settings 
presented in previous work required additional stigmatic correction in order to do 
imaging. This is not necessary for the optimum excitation settings found by 
simulation here ( 0Ψ′ = 70.00 AT and 1Ψ′= -9.11 AT for a converging beam) and to the 
author’s knowledge, this way of operating a magnetic sector deflector with 2 pole-
pieces, whether it be circular or square, has not been reported previously. 
 
The converging beam case presented here is predicted to be both stigmatic and have 
very small on-axis aberrations, and it is therefore recommended for imaging 
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applications. The diverging beam case is more likely to be of interest for a 
spectroscopic unit, in which case the predicted aberration coefficients can help in 
determining the spectrometer’s dispersive action. The predictions for the achievable 
electron probe size using a converging beam for the circular magnetic sector deflector 
has been compared to simulations for a square magnetic sector deflector [2.11] and 
was found to be better by approximately three times. 
 
2.3.2 Energy Dispersion 
When investigating the use of the magnetic sector deflector it is important to also 
include the energy dispersion. Depending on the application, either a small or a large 
dispersion will be required. For imaging, the dispersion should be minimised. For 
spectroscopic applications, dispersion is desirable. If the magnetic sector deflector is 
used to separate a probe forming primary beam from electrons scattered back and is at 
the same time used to disperse the scattered electrons, a compromise must be made. 
Such a situation applies to the Spectroscopic SEM presented in Chapter 1. 
 
Energy dispersion was investigated by assuming that electrons of different energies 
are sent along the optic axis, towards the magnetic sector deflector. The reference 
beam energy is 6 keV, as before, and it undergoes 90° deflection. Simulations predict 
the output position and direction of trajectories after deflection. Fig. 2.11 shows an 
example of the trajectory paths taken by two electrons of different energies. For all 
three cases of the diverging, parallel and converging incoming beam conditions, the 
dispersed electrons appear to be coming from the centre of the magnetic sector 
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deflector and they need therefore only be characterised by their exit semi-angles. Here, 
the change in exit angle due to the difference in energy is termed angular dispersion. 
 
Fig. 2.11. Example of different trajectory paths taken by electrons with different 
energies. 
 
The angular dispersion as a function of the relative energy spread κ was monitored 
between -0.2 < κ < 0.2. The angular dispersion for the three different incoming beam 
conditions (parallel, diverging and converging) was found to differ by less than 2.5 %, 
and is here represented by the settings for a converging beam. Fig. 2.12 presents a 
comparison between the angular dispersion for the sector deflector and that of a 
homogenous circular magnetic field deflector. It is seen that the angular dispersion for 
the sector deflector is larger than that of a homogenous field deflector for the same 





























Fig. 2.12. Angular dispersion as a function of the relative energy spread.  
  
The angular dispersion Δθ for the sector deflector was quantified up to third order in 




21 κκκθ DDD CCC ++=Δ  (2.3) 
The aberration coefficients extracted from the graph are displayed in Table 2.8. 
 




21 κκκθ DDD CCC ++=Δ  
CD1 (mrad) CD2 (mrad) CD3 (mrad) 
Δθ (mrad) 
κ = 10-4 
-587.7 353.7 -238.2 0.06 
 
These results indicate that the magnetic sector deflector can be useful in dispersive 
applications. Its usefulness in deflecting a primary beam or scattered electrons 
carrying image information needs to be investigated in more detail. This will be 
addressed in subsections 2.3.4 and 2.3.5, on applications toward LEEM and SPSSEM, 
respectively. 




2.3.3 Off-axis Aberrations 
In most applications, the attainable resolution over a certain field-of-view will be 
limited by off-axis aberrations. Off-axis aberrations are more complicated to analyse 
than the on-axis ones and therefore, no quantification in terms of aberration 
coefficients has been done. Instead, spot sizes limited by on- and off-axis aberrations 
of the magnetic sector deflector were extracted from spot diagrams. This includes 
combined aberrations that have both in-plane and out-of-plane components. An object 
was assumed to consist of a 3 by 3 point square array, where each point emits 
electrons into a cone shaped beam, and all cone semi-angles are identical. It was 
further assumed that the beams are focused by an ideal lens (no aberrations) onto an 
intermediate image plane, located at the centre of the deflector. This ensured that each 
beam would be convergent upon entering the deflector. After deflection, electron 
trajectories were projected back to the intermediate image plane in order to form a 
spot diagram, from which the effect of the magnetic sector deflector aberrations were 
investigated. 
 
Fig. 2.13 shows an example of a simulated spot diagram. It is assumed that a 500 nm 
by 500 nm array in the object plane is magnified 10 times by an ideal lens and 
focused at the centre of the magnetic sector deflector. The incoming semi-angle at the 
entrance of the deflector was chosen to be relatively large, 10 mrad, much larger than 
required by most applications. This was deliberately done so that the aberrations 
would be clearly visible in the spot diagram. As is seen from Fig. 2.13, the largest 
aberrations are predicted to be for electrons that go off axis within the in-plane. The 
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result is an elongation of these spots in the out-of-plane direction. Going off-axis 
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Fig. 2.13. Spot diagram showing the aberrations imposed by the circular magnetic 
sector deflector on a 10 times magnified image of a 500 nm by 500 nm square array 
of point sources. The incoming semi-angle was assumed to be 10 mrad. 
 
The simulated off-axis aberration limited probe radius can be quantified directly from 
the spot diagram. Fig. 2.14 shows the simulation predicted off-axis in-plane 
aberration limited probe radius as a function of the exit semi-angle (for 90° 
deflection). Two different projected field-of-view sizes at the centre of the magnetic 
sector deflector have been considered, 5 μm by 5 μm, and 10 μm by 10 μm. From Fig. 
































Fig. 2.14. Predicted off-axis, in-plane aberration limited probe radius as a function of 
exit semi-angle, for two different field-of-view sizes projected at the centre plane of 
the deflector. 
 
In addition, off-axis aberrations were found to have a rather complicated dependence 
upon the size of the magnetic sector deflector. In general, off-axis aberrations were 
found to go up if the sector deflector is scaled up in size. For instance, a 5 times larger 
sector deflector had roughly twice the aberration limited spot sizes. When only the 
out-of-plane gap size g is increased, the off-axis aberrations did not change 
(compared to the original gap size). 
 
The magnetic sector deflector under consideration here is stigmatic only for an 
incoming beam converging at its centre. Considering an image of equidistant point 
sources, as mentioned above, and projected at the centre of the magnetic sector 
deflector, the off-axis focus points will introduce astigmatism into the image, 
resulting in a change of the image aspect ratio. Simulations predict that an image area 
with aspect ratio unity at the deflector entrance will emerge with an aspect ratio 
10 μm by 10 μm 
5 μm by 5 μm 
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around 0.3 to 0.7 after deflection, depending on the actual beam conditions and the 
distance from the image plane to the centre of the sector deflector. This does not 
affect the image resolution though, and unlike the magnetic sector deflectors 
described by previous authors [2.1],[2.6],[2.7], no additional stigmator correction is 
needed. Depending on the application, there are a number of different ways of 
adjusting for this effect and obtaining a “normalised” image area. 
 
2.3.4 Application to LEEM 
A LEEM can be operated in different modes, basically using either elastically or 
inelastically scattered electrons. Here, only the inelastic mode is investigated. For this 
type of operation the illuminating beam merely floods the specimen and depending on 
the landing energy, scattered electrons may consist of secondary, Auger and 
backscattered electrons. In this case, a dispersive magnetic sector deflector can help 
in separating electrons of different energies, which will otherwise limit resolution. In 
practice, however, electron trajectories also depend upon the initial take-off angle, 
and separating them in terms of energy is not a trivial task. Instead of trying to do 
energy separation, the LEEM is often operated with very low landing energies 
(several eV), or even in mirror mode, and no distinction is made between secondary 
and backscattered electrons. 
 
Sector deflector aberrations affecting the illuminating beam are not a problem in the 
inelastic case, as it is only supposed to flood the specimen. The scattered electrons on 
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the other hand, carry image information from the specimen plane to the final image 
plane, so it is crucial that sector deflector aberrations for them are relatively low.  
 
The main source of aberrations in a LEEM come from the chromatic aberration of the 
objective cathode lens, provided that the magnetic sector deflector has been well 
designed and does not add significant aberrations. In order to limit the objective lens 
aberrations, an angle-limiting aperture is placed in the path of the scattered electrons 
after deflection, as it would otherwise disturb the illuminating beam [2.12]. Typically, 
the cathode lens will project a 10-20 times magnified image into the deflector and the 
aperture will limit the incoming electrons to a 1 mrad or smaller semi-angle. Beam 
energies are usually in the range of 15-25 keV. Depending on the landing energy, the 
energy window might be several eV wide, here a relative energy spread of 5×10-4 is 
assumed. 
 
Using Tables 2.4 and 2.7, on-axis aberrations for the present deflector in a LEEM 
setup was calculated for a 6 keV beam energy, with a semi-angle of 1 mrad and a 
relative energy spread of 5×10-4. The aberration radius is mainly limited by the out-
of-plane geometric aberration, and is predicted to be 0.04 nm at the centre plane of 
the sector deflector. Assuming that the objective lens has magnified the image 10 
times, the predicted on-axis resolution limit set by the magnetic sector deflector at the 
specimen is 4 pm. Objective cathode lenses presented so far have a theoretical 
resolution of several nm [2.13] and in comparison, so the on-axis aberrations of the 
magnetic sector deflector predicted here are negligible. 
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To see how the sector deflector off-axis aberrations are predicted to affect the image, 
a spot diagram simulation was carried out where a 500 nm by 500 nm array of 
electron point sources is considered as an object. The objective lens is assumed to 
project a 10 times magnified image into the centre of the sector deflector. The beam 
energy is 6 keV with a semi-angle of 1 mrad and a relative energy spread of 5×10-4. 
The aberrations imposed by the sector deflector on the magnified image are contained 
within a circle having a 9 nm radius for point emission from the specimen. This 
corresponds to a 0.9 nm radius spot in the final image (objective lens magnification of 
10). In the previous section, the off-axis aberrations were found from simulations to 
scale linearly with the field of view, so that, for instance, at the edge of a 1 μm by 1 
μm array, the maximum radius of the aberrations is predicted to be 1.8 nm in the final 
image. Again, considering an aberration limitation of several nm for the objective 
cathode lens [2.13], the sector deflector off-axis aberrations are not predicted to limit 
resolution for a field-of-view of at least 1 μm by 1 μm or smaller. 
 
The angular dispersion, due to the assumed relative energy spread of 5×10-4 can be 
calculated using the coefficients presented in Table 2.8. The resulting angular change 
can be as large as 0.3 mrad, or 30% for a nominal beam exit semi-angle of 1 mrad, 
and will couple with on-axis aberrations that are angle dependent. Considering that 
the spherical aberration has a cubic angular dependence, a simple estimate is that it 
would increase by 1.33 = 2.2, or roughly double. This may or may not be problematic 
for LEEM, depending on which mode it is operated. If operated in the mirror mode, 
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the relative energy spread will be considerably smaller than the 5×10-4 assumed here, 
and may therefore not be a problem.   
 
For a field of view of 1 μm by 1 μm and 2000 by 2000 pixels in the image (quite 
typical today), the unaltered pixel resolution would be 0.5 nm, the image resolution is 
therefore likely to be limited by off-axis aberrations. 
 
2.3.5 Application to the SPSSEM 
In the SPSSEM it is crucial to deflect the primary beam onto the objective lens axis 
without imposing significant aberrations, so that an electron probe size of a few nm 
can be achieved. Scattered electrons on the other do not carry image information as in 
LEEM. When it comes to the spectroscopic function of the SPSSEM, an energy 
dispersive action on the scattered electrons is desired, but at the same time the 
dispersion should not limit the primary beam probe size. The scan unit must be placed 
before the primary beam is deflected onto the objective lens axis, as it would 
otherwise interfere with the scattered electrons travelling back towards the sector 
deflector. This means that off-axis aberrations must be considered. 
 
The SPSSEM might use a 6 keV beam with an energy spread of 10-4, which is typical 
for a Schottky type electron gun. The primary beam will typically be made to 
converge at the centre of the sector deflector with a semi-angle of 1 mrad via a 
transfer lens. The scanned area at the specimen might be around 1 μm × 1 μm, and 
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with an objective lens image demagnification of 10, this corresponds to a scanned 
area of 10 μm × 10 μm area at the centre of the deflector. 
 
On-axis aberration calculations are similar to those presented for LEEM. Using 
Tables 2.4 and 2.7, on-axis aberrations for the present deflector in the SPSSEM setup 
was calculated for the beam conditions given above and the aberration radius, mainly 
limited by the out-of-plane geometric aberration, is predicted to be 0.04 nm at the 
centre plane of the sector deflector. Assuming that the objective lens demagnifies the 
image 10 times, the predicted on-axis resolution limit set by the magnetic sector 
deflector at the specimen is 4 pm. Typical objective lens aberrations for the SPSSEM 
are in the range of 1-2 nm [2.14], and the on-axis aberrations of the sector deflector 
are thus predicted to be negligible in comparison. 
 
The off-axis aberrations due to the scanning of the primary beam were obtained from 
simulated spot diagrams. It was assumed that after the scan unit an ideal transfer lens 
focuses the primary beam at the centre plane of the sector deflector. This was 
simulated by letting different electron beams converge upon a 3 by 3 point square 
array, with off-axis distances of ±5 μm, at the centre of the deflector. The semi-angle 
for each beam was 1 mrad, and the beam energy was 6 keV with a relative energy 
spread of 10-4. The simulated maximum aberration disc obtained from the spot 
diagram has an 18 nm radius at the deflector centre plane. The objective lens will then 
demagnify the aberrations by the same factor it demagnifies the scanned area. A 
demagnification of 10 times would result in a resolution of 1.8 nm or better over a 1 
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μm by 1 μm field of view at the specimen. This is of the same order as the aberrations 
of a high resolution objective lens [2.14] on the optical axis, so the beam deflector is 
not expected to limit the image resolution of the SPSEM. 
 
At a relative energy spread of 10-4 the energy dispersion will change the exit angle by 
Δθ = 0.06 mrad, or 6% for a nominal exit semi-angle of 1 mrad. The difference in 
semi-angles is likely to remain around 6% at the specimen, and taking into account 
the angular dependence of the spherical and chromatic aberrations of the objective 
lens give an estimate of how much they can increase. The spherical aberration has a 
cubic dependence upon exit semi-angle and the increase would be 1.063 = 1.19 or 
19%, while the chromatic aberration dependence is linear and would result in a 6% 
increase. This suggests that the energy dispersion is not likely to seriously deteriorate 
the predicted electron probe radius. 
 
As only the image plane at the centre of the magnetic sector deflector is stigmatic, a 
scanned area will suffer from astigmatism, and emerge with a different aspect ratio 
after deflection. This does not affect the electron probe and no additional stigmator 
correction is needed. The aspect ratio of the scanned area at the specimen can be 
altered by suitably varying the currents in the scan coils. 
 
It is assumed here that the scattered electrons, the secondary, Auger and backscattered 
electrons are accelerated by the objective lens towards the magnetic sector deflector. 
They would then be entering with an effective energy spread, relative to the primary 
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beam energy. If the sector deflector is adjusted to accommodate a primary beam of 6 
keV and the voltage of the specimen within the objective lens is -5 kV, secondary 
electrons would typically have an energy of 5 keV after acceleration. This would 
translate into a relative energy spread of κ = -1000/6000 = -0.167. The resulting 
change in exit angle is then predicted to be 109 mrad (6.2°). Allowing some distance 
to a selection plane, say 50 mm from the sector deflector centre, would then have 
secondary and backscattered electrons separated by roughly 5 mm. This would in 
principle be enough to send them into different energy spectrometers to further 
investigate the fine details of their respective spectra. The energy of Auger electrons 
depend upon the specimen being investigated, and can have many peaks in the energy 
range between secondary and backscattered electrons. In practice, only a small energy 
window would be investigated in detail, and for peaks in between 200-800 eV their 
separation from secondary and backscattered electrons are predicted here to still be in 
millimetres, enough to select them with a slit or aperture. Direct ray tracing of 
scattered electrons in a possible SPSSEM instrument was carried out and is presented 
in chapter 5. 
 
2.4 Varying the Relative Dimensions of the Magnetic Sector 
Deflector Unit  
After completing the simulations in the last section, it was not clear how the relative 
dimensions chosen for the magnetic sector deflector influenced the final probe size. In 
order to investigate this, many different dimensional settings need to be tried and the 
resulting aberrations monitored. Predictions based on the KEOS FEM programs are 
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generally expected to give good accuracy, but using these programs require the 
creation of a new mesh in order to model any change in individual sector pole-piece 
dimensions. The magnetic field distribution then has to be resolved before the 
trajectories can be traced. This is a rather time-consuming process and therefore 
another method was used. 
 
Since the circular magnetic sector deflector has cylindrical symmetry, finding the 
general solution of the magnetic field distribution by the use of separation of variables 
is straightforward. The difficulty lies in knowing which boundary conditions to apply. 
Since the investigation here does not need the exact values of the aberration limited 
probe radius, but rather relative changes in it as pole-piece dimensions in the sector 
deflector are varied, then the problem can be solved analytically by using simple 
approximate boundary conditions. A schematic of the solution domain is displayed in 
Fig. 2.15a, showing the sector pole-piece dimensions and boundary potential values. 
The inner sector pole-piece radius is defined as dr = , outer sector pole-piece width 
as cbw −= , distance between inner and outer sector pole-pieces as dc −=Δ , 
distance between outer sector pole-piece and casing as ba −=Γ  and out-of-plane gap 
size as 2g. 
 
The magnetic sector deflector was modelled like a cylinder with an odd symmetry 
plane at half height. Because of this symmetry condition, only the upper or lower half 
needs to be considered. Boundary conditions specified on the top and middle 
symmetry planes and the outer surface are sufficient to find a unique solution. Here, 
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the boundary conditions were given as magnetic scalar potentials. The outer surface, 
corresponding to the casing of the magnetic sector deflector, and the middle odd 
symmetry plane were both assigned a zero potential. The top plane, corresponding to 
the plane of the magnetic sector pole-pieces was given a radially dependent potential. 
A constant potential was assumed on the sections that correspond to the magnetic 
sector pole-pieces, and in between them a logarithmic dependence upon radius was 
assumed. This logarithmic dependence was chosen from the standard analytical 
solution of a cylindrical capacitor problem, see Fig. 2.15b. This approximation will 
obviously be somewhat inaccurate, as the boundary is really a cut-off cylindrical 
capacitor structure. The effect of this inaccuracy on the final electron probe radius is 
investigated later in this section. 
 
 (a) 
Odd symmetry plane 
Ψ(ρ,0) = 0 
Ψ(a,z) = 0 








Fig. 2.15. Schematic of the magnetic sector deflector, showing the dimensional 
variables and the simplified boundary conditions assumed. 
 
Laplace’s equation, expressed in cylindrical coordinates ),,( zφρ , is solved by the use 
of separation of variables, see for instance [2.15]. The magnetic potential can be 
written as )()()(),,( zZQRz φρφρ =Ψ . General solutions to the separated products 
look like 
( ) ( ) ( )ρρρ νν kNFkJER 11 +=  (2.4a) 
( ) ( ) ( )υφυφφ υφυφ cossin 2211 DCeDeCQ ii +=+= −  (2.4b) 
( ) ( ) ( )kzBkzAeBeAzZ kzkz coshsinh 2211 +=+= −  (2.4c) 
where νJ and νN are Bessel and Neumann functions respectively. 
 
Eqs. (2.4a)-(2.4c) can be simplified. The potential must be finite at 0=ρ  so 01 =F . 
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where mnρ are the roots of ( ) 0=ρmJ . Due to the cylindrical symmetry of the magnetic 
potential the solution is independent of φ and 0=ν . At 0=z the potential is zero 
so 02 =B . The solution can then be written as 






=Ψ ρξρ  (2.5) 
with constants 










2 ρρρρξ  (2.6) 
The integral in Eq. (2.6) was expressed using the assumed boundary conditions 































ln∫∫ Ψ+Ψ+  (2.7) 
Eq. (2.7) consists of four integral terms and evaluating them individually, as done in 










Ψ=  (2.8a) 
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Ψ−Ψ=  (2.8c) 

















Ψ−Ψ=  (2.8d) 
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In order to do direct ray tracing, magnetic field components in the ρ- and z-directions 
must be determined. This was done by taking the derivative of Eq. (2.5) with respect 
to the ρ- and z-directions and multiplying by –μ0 









ρμρρ  (2.9a) 










Ψ∂−= ρξμρμρ  (2.9b) 
 
The coefficients nξ were calculated once at the start of the program and then stored, so 
that the program can quickly access them when calculating Eqs. (2.9a) and (2.9b). A 
total of around 120 terms in the summations were found to give good accuracy. A 
large ratio of a/g generally requires more terms to be included than does a small ratio.  
For the trajectory ray tracing a program based on the 4th order Runge-Kutta method 
was used. Both field solving and trajectory tracing was carried out by the same 
program, written by the author. Different dimensions of the magnetic sector deflector 
could in this way be simulated by simply changing the variables a, b, c, d and g, as 
given in Fig. 2.12.  
 
Like for the previous simulation investigation, a 6 keV beam was assumed, and an 
automated routine finds the magnetic excitation values resulting in a 90° deflection of 
the electron beam. By monitoring the focus position and exit semi-angles for 
electrons travelling in both the in-plane and out-of-plane, the magnetic sector 
excitations 0Ψ and 1Ψ , see Fig. 2.15, resulting in stigmatic focusing are found. The 
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resulting geometric and chromatic aberration limited probe radii were then 
investigated. Just like for the magnetic sector deflector simulated in section 3 of this 
chapter, all designs were found to be limited by out-of-plane geometric aberrations 
and therefore only this aberration is characterised and presented here. 
 
The 6 keV beam is set to converge at the centre of the sector deflector with a semi-
angle of 5 mrad. The inner sector pole-piece radius was kept constant at r = 3 mm, but 
all other dimensions were varied. The graphs in Figs. 2.16-2.18 show the predicted 
probe radii dependence upon the width w, for different Δ and Γ distances and for 
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Fig. 2.16. Probe radius dependence on outer sector pole-piece width w for different 
values on Γ. Δ was fixed at 1 mm. 
 
 Γ = 2 mm 
 Γ = 4 mm 
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Fig. 2.17. Probe radius dependence on outer sector pole-piece width w for different 
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Fig. 2.18. Probe radius dependence on outer sector pole-piece width w for different 
out-of-plane gap sizes g. Δ was fixed at 0.5 mm and Γ at 4 mm. 
 
As was mentioned earlier in this section, the simplified boundary conditions assumed 
gives rise to errors in the final simulation results. Some of the radii predicted with this 
method have been compared to values predicted by the FEM programs used in section 
 Δ = 1 mm 
 Δ = 0.5 mm 
▲ Δ = 0.2 mm 
 g = 1.6 mm 
  g =2.0 mm 
▲ g = 3.0 mm 
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2.3. The radii predicted from the simplified boundary conditions were found to be 
between 32% and 44% larger than those of the FEM programs. This means that the 
predicted probe radii should be accurate enough to make predictions about the 
influence of changing the sector pole-piece dimensions. 
 
From the results presented here, it is seen that the electron probe radius is predicted to 
go down with decreasing distance between inner and outer sector pole-pieces 
Δ, increasing distance between outer sector pole-piece and casing Γ, and increasing 
out-of-plane gap size 2g. It is also predicted that an increasing outer sector pole-piece 
width w will result in a smaller probe radius. However, the simulation results also 
suggest that the resulting probe size variations are relatively small. In particular, it 
does not indicate any trend towards a major improvement of the probe radius, and 
unless very different relative dimensions are chosen, it can be concluded that the 
probe radius does not significantly change. 
 
Most applications will only utilize an electron beam with semi-angles smaller than the 
5 mrad assumed. If a semi-angle of 1 mrad is used, the resulting probe radius is 
predicted to remain well below 1 nm, for all the relative dimensions tested here. It is 
also likely to remain well under 1 nm unless very different dimensions are used.  
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2.5 Deflection Angles other than 90° 
The circular symmetry of the magnetic sector deflector considered here suggests that 
it should be suitable for any deflection angle φ, and not only φ = 90°. In fact, 
aberrations and energy dispersion are expected to go down and eventually disappear, 
as the deflection angle tends to zero. In order to investigate this, simulations were 
conducted for deflection angles φ = 30°, 45°, 60° and 90°, using the method of 
simplified boundary conditions, which was outlined in section 2.4. In practise, larger 
deflection angles than 90° are not usually used. 
 
The investigation followed the procedure of systematically varying the inner and 
outer sector excitations, as described in section 2.3, in order to find stigmatic focusing 
conditions for each different deflection angle. Since the magnetic field distribution 
was solved using simplified boundary conditions, a certain deviation can be expected 
from the predictions made with respect to FEM programs. This was confirmed in the 
case of 90° deflection: the predicted excitation values here were found to be 0Ψ = 
63.95 AT and 1Ψ = -6.59 AT, compared to 0Ψ = 70.00 AT and 1Ψ = -9.11 AT with the 
FEM programs. The predicted excitation values for 90°, 60°, 45°, and 30° are 
presented in Table 2.9. Interestingly, the ratio 01 / ΨΨ stays almost constant around 
10/1−  for all deflection angles simulated. It should be noted that the scalar potentials 




Table 2.9. Sector excitation values predicted by simulations, using simplified 
boundary conditions. φ is the deflection angle, and 0Ψ′ and 1Ψ′ are the excitation values 
for the inner and outer pole-pieces generated within the sector deflector, respectively. 
φ 0Ψ′  (AT) 1Ψ′  (AT) 
90° 63.95 -6.59 
60° 39.22 -4.21 
45° 28.64 -3.12 
30° 18.74 -2.06 
 
Aberrations were calculated in the same manner as was done in section 2.3. The 
largest aberration for all deflected angles simulated was the out-of-plane geometric 
aberration, which is in line with the results predicted by the FEM programs for 90° 
deflection, and its dependence on the exit semi-angle for the simulated deflection 
angles is shown in Fig. 2.19. Aberration coefficients, as defined in Eqs. (2.1-2.2) for 
in-plane and out-of-plane geometric and chromatic aberrations, were extracted from 
curves like the one in Fig. 2.19, using the least squares method. The resulting 
coefficients are presented in Tables 2.10 and 2.11. It is seen from these results that the 


















Fig. 2.19. Predicted out-of-plane geometric aberration limited probe radius as a 






Table 2.10. Predicted geometric aberration coefficients and probe radius Δr for 
different beam conditions. IP = In-plane, OP = Out-of-plane, E is beam energy and φ 




21 ααα GGG CCCr ++=Δ  
 E φ CG1 (μm) CG2 (mm) CG3 (m) 
Δr (nm) 
α = 1 mrad 
IP 6 keV 90° 5×10-9 1×10-8 7×10-11 2×10-8 
IP 6 keV 60° -1×10-9 4×10-9 -7×10-11 3×10-9 
IP 6 keV 45° 5×10-9 1×10-8 1×10-10 2×10-8 
IP 6 keV 30° 2×10-9 2×10-9 2×10-12 4×10-9 
OP 6 keV 90° 0.0149 -0.0006 0.0196 0.034 
OP 6 keV 60° 0.0068 -0.0001 0.0079 0.015 
OP 6 keV 45° 0.0046 -0.00007 0.0043 0.0088 
OP 6 keV 30° 0.0019 -0.00002 0.0004 0.0023 
 
Table 2.11. Predicted chromatic aberration coefficients and probe radius Δr for 
different beam conditions. IP = In-plane, OP = Out-of-plane, E is beam energy and φ 
is the total deflection angle. 
Beam conditions κακ 21 CC CCr +=Δ  
 E φ CC1 (mm) CC2 (mm) 
Δr (nm) 
α = 1 mrad 
κ = 10-4 
IP 6 keV 90° 2×10-7 0 0.00002 
IP 6 keV 60° 10-7 0 0.00001 
IP 6 keV 45° 10-7 0 0.00001 
IP 6 keV 30° 5×10-8 0 5×10-6 
OP 6 keV 90° 0 -0.1704 0.017 
OP 6 keV 60° 0 -0.0316 0.0032 
OP 6 keV 45° 0 -0.0097 0.00097 
OP 6 keV 30° 0 -0.0019 0.00019 
 
The general characteristics of these aberrations are similar to the ones already 
presented for 90° deflection. The in-plane geometric and chromatic aberrations are 
very low for all deflection angles and will be insignificant to the final probe size. The 
out-of-plane geometric aberration has an approximately square dependence upon the 
deflection angle, and therefore a moderate reduction in the deflection angle can result 
in significantly lower aberrations, as can be seen in Fig. 2.19. The out-of-plane 
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chromatic aberration shows a 4th-order dependence on the deflection angle, but only 
starts to be significant close to 90°.  
 
Angular dispersion was also investigated, and its predicted dependence upon relative 
energy spread is presented in Fig. 2.20. Extracted dispersion coefficients, as defined 
by Eq. (2.3) are shown in Table 2.12. They agree to within 4% of what was predicted 

























Fig. 2.20. Predicted angular dispersion as a function of the relative energy spread for 
different deflection angles.  
 




21 κκκθ DDD CCC ++=Δ   
CD1 (mrad) CD2 (mrad) CD3 (mrad) 
Δθ (mrad) 
κ = 10-4 
φ = 90° -592.1 358.3 -246.1 -0.0592 
φ = 60° -462.5 320.0 -242.2 -0.0462 
φ = 45° -366.3 267.3 -211.9 -0.0366 







In summary, it is predicted that by choosing a smaller deflection angle, the on-axis 
aberrations are reduced. It can therefore be concluded that the circular magnetic 
sector deflector presented here is suitable for any deflection angle 0 < φ < 90°. If a 
larger size circular magnetic sector deflector is used, aberrations will grow 
correspondingly, and if this is a problem, a smaller deflection angle can be chosen. 
Using 60° deflection instead of 90° should be feasible for most instruments. A smaller 
deflection angle will also allow for a larger acceptance semi-angle of the sector 
deflector for a given aberration limit. This freedom to choose any desired deflection 
angle is a great advantage of the circular magnetic sector deflector compared to a 
straight edge design which is optimized for a particular deflection angle. 
 
2.6 The Simultaneous Deflection of Charged Particles with 
Different Energies and Charge-to-mass Ratios 
In the last section it was predicted that the circular magnetic sector deflector is 
capable of stigmatically deflecting an electron beam for any deflection 
angle °≤≤ 900 φ by varying the magnetic sector excitation settings. In principle, it 
should be possible to extend the discussion to charged particles of different energies 
and/or charge-to-mass ratios. The investigation in this section presents simulation 
results where charged particles of different energies or charge-to-mass ratios are 
simultaneously deflected by the circular magnetic sector deflector, operated with a 
magnetic excitation set to stigmatically deflect a 6 keV electron beam through 90°. In 
this work, simulations were based on the method of simplified boundary conditions, 
outlined in section 2.4. 
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 If stigmatic deflection is possible simultaneously for different energies and/or 
charge-to-mass ratios, it means that charged particle beams can be joined from 
separate beam sources and sent along the same optical axis. Having two beams of 
different energies, and/or different charge-to-mass ratios illuminate an insulating 
specimen can help prevent charge build-up on the specimen surface, as was discussed 
in chapter 1, section 2.  
 
Veneklasen et al. considered in two patents [2.16],[2.17] a LEEM-like instrument, 
where two electron beams of different energies are joined in order to suppress 
electrical charge build-up on an insulating specimen. Their magnetic sector deflector 
uses straight edges, which means that only certain beam energies can be used. 
 
Another possible application is a combined SEM/FIB (focused ion beam) instrument 
where the electron and ion beams are joined by the magnetic sector deflector and 
travel through the same objective lens, focusing them onto the target. This will be 
further discussed in chapter 6, on future work. 
 
The turning radius r of a charged particle trajectory path within a magnetic field B can 




r 21=  (2.10) 
where m/q is the inverted charge-to-mass ratio and V is the acceleration potential 
(energy E = qV). For a fixed q it can then be expected that the trajectory path has a 
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similar kind of dependence on V and m, so inverted charge-to-mass and energy 
variations can be considered to be equivalent. 
 
2.6.1 Deflection of Electron Beams with Different Energies 
Stigmatic properties and on-axis aberrations for deflection of electron beams of 
different energies were simulated using the magnetic sector deflector settings found to 
stigmatically deflect a 6 keV electron beam through 90°. The on-axis aberrations were 
investigated in the same manner as was done in section 2.3. The total deflection angle 
φ as a function of electron beam energy was predicted from simulation, and is 
























Fig. 2.21. The simulated deflection angle φ as a function of the primary beam energy. 
The magnetic sector excitations were set for 90° deflection of a 6 keV electron beam. 
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It turns out that deflection of electron beams with energies other than 6 keV (90° 
deflection) is not stigmatic. Though the in-plane exit focus position does not shift 
away from the centre of the sector deflector, the out-of-plane exit focus position does. 
When deflecting through lower angles (higher beam energies) the out-of-plane virtual 
focal point shifts beyond the sector unit centre, in the exit direction of the beam. This 
can be explained by the fact that the sector deflector fringe fields are not strong 
enough to focus these electrons at the centre, resulting in an astigmatic deflected 
beam. However, by pre-focusing the incoming out-of-plane focus position a distance 
ΔZf so that on entry, the projected focus point occurs before the centre, it is possible 
to achieve stigmatic beam deflection. In the following discussion, a negative value of 
ΔZf indicates a pre-focus projected shift to a position before the centre of the magnetic 
sector deflector. Fig. 2.22 shows the on-entry projected shift required to achieve 
stigmatic deflection for different deflection angles φ calculated by simulation. It is 
interesting to see that as the deflection angle decreases, from 90°, the required shift 
fZΔ is predicted to increase, reaching a peak at 66°, after which it decreases again. 
In other words, there are always pairs of deflection angles that require the same out-
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Fig. 2.22. Simulation predicted on-entry projected shift in the out-of-plane exit focus 
position, ΔZf, required to keep the deflection stigmatic for different deflection angles 
φ. The magnetic sector deflector was set to stigmatically deflect a 6 keV electron 
beam through 90°. 
 
After adjusting the incoming beams to be astigmatic, in accordance with the 
predictions presented above, on-axis aberrations were investigated. A primary beam 
energy of 16 keV results in a deflection angle of φ = 60.16° and a beam energy of 30 
keV results in a deflection angle of φ = 45.24°, indicated in Fig. 2.21. The predicted 
aberration coefficients for these deflection angles are given in Tables 2.13 and 2.14.  
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Table 2.13. Predicted geometric aberration coefficients and probe radius Δr for 
different beam conditions. IP = In-plane, OP = Out-of-plane, E is beam energy and φ 




21 ααα GGG CCCr ++=Δ  
 E φ CG1 (μm) CG2 (mm) CG3 (m) 
Δr (nm) 
α = 1 mrad 
IP 6 keV 90.00° 5×10-9 1×10-8 7×10-11 2×10-8 
IP 16 keV 60.16° -3×10-9 6×10-8 -6×10-10 6×10-8 
IP 30 keV 45.24° 3×10-8 3×10-9 1×10-9 3×10-8 
OP 6 keV 90.00° 0.0149 -0.0006 0.0196 0.034 
OP 16 keV 60.16° 0.0075 -0.00002 0.0074 0.015 
OP 30 keV 45.24° 0.0048 -0.00001 0.0040 0.0088 
 
Table 2.14. Predicted chromatic aberration coefficients and probe radius Δr for 
different beam conditions. IP = In-plane, OP = Out-of-plane, E is beam energy and φ 
is the total deflection angle. 
Beam conditions κακ 21 CC CCr +=Δ  
 E φ CC1 (mm) CC2 (mm) 
Δr (nm) 
α = 1 mrad
κ = 10-4 
IP 6 keV 90.00° 2×10-7 0 0.00002 
IP 16 keV 60.16° 10-7 0 0.00001 
IP 30 keV 45.24° 10-7 0 0.00001 
OP 6 keV 90.00° 0 -0.170 0.0170 
OP 16 keV 60.16° 0 0.0138 0.00138 
OP 30 keV 45.24° 0 0.0232 0.00232 
 
Comparing these values to the ones found in Tables 2.10 and 2.11 of the previous 
section, for deflection angles φ = 60.00° and φ = 45.00° at a beam energy E = 6 keV, 
it is seen that the in-plane aberrations are equally small and do not change much with 
energy. The predicted out-of-plane geometric aberration radii for deflection angles 
60.16° (16 keV) and 45.24° (30 keV) in table 2.13 are very close to those of 
corresponding angles in table 2.10, while for the out-of-plane chromatic aberration 
there is also good general agreement. These simulation results indicate that the most 
important factor in determining the magnitude of the aberrations is deflection angle, 
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and not the beam energy. Moreover, the out-of-plane geometric aberration is 
predicted to dominate and to go down with decreasing deflection angle. 
 
2.6.2 Deflection of Electron Beams with Different Charge-to-mass Ratios 
To what degree the deflection of charged particles with different charge-to-mass 
ratios is stigmatic was investigated in much the same way as was with electrons of 
different energies. Here, the charge of particles in the beam was assumed to be equal 
to the electron charge, while the particle mass was varied. The total deflection angle 
for charged particles of different mass but the same energy, 6 keV, was simulated and 
the predicted result is presented in Fig. 2.23 for a wide range of particle masses. The 
reason why such a large range was chosen is that ions are much more massive than 
the electron. As an example, the electron and Ga+ ion (used frequently as the ion 
source in FIB instruments) differ in mass by a factor of 128 000 [2.18]. The magnetic 
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Fig. 2.23. The resulting deflection angle φ for a 6 keV primary beam as a function of 
the beam particle mass (particle charge is equal to that of the electron). The magnetic 
sector deflector was set for 90° deflection of a 6 keV electron beam. 
76 
The present simulations show that, like electron beams of different energies, charged 
particle beams of different charge-to-mass ratios η = q/m are not stigmatically 
deflected. The same correction scheme of out-of-plane pre-focusing as described in 
subsection 2.6.1 can be used here to avoid astigmatism. In addition, simulations 
predict that the total deflection angle has the same kind of dependence upon the 
energy E as with the inverted charge-to-mass ratio 1/η.  
 
Aberration coefficients were obtained for two different particle charge-to-mass ratios: 
6ηe/16 of the electron’s charge-to-mass ratio on the one hand, and ηGa, the charge-to-
mass ratio of the Ga+ ion on the other. The reason for choosing 6ηe/16 is that its total 
deflection angle is equal to that of a 16 keV electron, φ = 60.16°, which was 
investigated in subsection 2.6.1, and the aberrations can therefore be directly 
compared. Ga+ ions are only marginally deflected, φ = 0.29°. Predicted aberration 
coefficients are given in Tables 2.15 and 2.16. 
 
Table 2.15. Predicted geometric aberration coefficients and probe radius Δr for 
different beam conditions. IP = In-plane, OP = Out-of-plane, E is the beam energy, η 




21 ααα GGG CCCr ++=Δ  
 E η φ CG1 (μm) CG2 (mm) CG3 (m) 
Δr (nm) 
α = 1 mrad
IP 6 keV ηe 90.00° 5×10-9 1×10-8 7×10-11 2×10-8 
IP 6 keV 6ηe/16 60.16° 4×10-9 2×10-8 -10-10 2×10-8 
IP 6 keV ηGa 0.29° 5×10-11 5×10-11 4×10-14 1×10-10 
OP 6 keV ηe 90.00° 0.0149 -0.0006 0.0196 0.034 
OP 6 keV 6ηe/16 60.16° 0.0075 -0.00001 0.0074 0.015 
OP 6 keV ηGa 0.29° 10-7 -2×10-10 2×10-7 3×10-7 
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Table 2.16. Predicted chromatic aberration coefficients and probe radius Δr for 
different beam conditions. IP = In-plane, OP = Out-of-plane, E is the beam energy, η 
is the charge-to-mass ratio and φ is the total deflection angle. 
Beam conditions κακ 21 CC CCr +=Δ  
 E η φ CC1 (mm) CC2 (mm) 
Δr (nm) 
α = 1 mrad 
κ = 10-4 
IP 6 keV η e 90.00° 2×10-7 0 0.00002 
IP 6 keV 6ηe/16 60.16° 1×10-7 0 0.00001 
IP 6 keV ηGa 0.29° 8×10-11 0 8×10-9 
OP 6 keV η e 90.00° 0 -0.170 0.0170 
OP 6 keV 6ηe/16 60.16° 0 0.0138 0.00138 
OP 6 keV ηGa 0.29° 0 1.77×10-6 1.77×10-7 
 
Comparing the aberration radii for beams deflected through 60.16° in Tables 2.15 and 
2.16 to those in Tables 2.13 and 2.14, it is seen that the in-plane aberrations are very 
small and of similar magnitudes. The out-of-plane geometric and chromatic 
aberrations are predicted to be more or less identical. This supports earlier predictions 
that a change in energy affects the beam in the same way as a change in the (inverted) 
charge-to-mass ratio, and also that it is the angle of deflection which is the most 
important parameter in determining deflection aberrations. The Ga+ ion beam is 
hardly deflected and it comes as no surprise that the predicted aberrations are several 
orders of magnitude smaller than for the 90° deflected electron beam: at least 2 to 3 
orders of magnitude smaller for the in-plane and about 5 orders of magnitude smaller 
for the out-of-plane. 
 
Further investigations found that a beam of energy 16 keV and a charge-to-mass ratio 
of 6ηe/16 is predicted to be deflected by an angle φ = 38.34° with aberrations slightly 
lower than what was predicted for a 45° deflection in Tables 2.10 and 2.11. This 
further supports previous claims.  
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The foregoing simulation predicts that it is possible to simultaneously deflect charged 
particles of differing energies/charge-to-mass ratios on to a common optical axis, and 




Magnetic sector deflector designs using 2 concentric circular pole-pieces have been 
investigated by direct ray tracing simulations, and ways to operate them in order to 
form a stigmatic focus has been outlined. It is predicted that in order to minimize 
aberrations, an electron beam should be converging towards the centre of the 
deflector (a condition that has been pointed out by other researchers), and this turns 
out to be particularly well suited for a circular sector geometry. Simulations also 
show that the circular magnetic sector deflector can be operated in a stigmatic way for 
any deflection angle 0 < φ < 90°.  
 
In addition, it is predicted that once the magnetic sector deflector has been set to 
stigmatically deflect a 6 keV electron beam through 90°, any charged particle beam 
with energy larger than 6 keV and/or a charge-to-mass ratio smaller than that of the 
electron will not be stigmatically deflected at the same time. However, pre-focusing 
in the out-of-plane direction,  by say a quadrupole prior to beam deflection, it is 
possible to set different beams to focus astigmatically into the magnetic sector 
deflector in such a way that they all emerge stigmatic after deflection. Further, it is 
predicted that aberrations are dominantly dependent on the total deflection angle φ, 
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irrespective of the energy and charge-to-mass ratio of the deflected beam, and are 
predicted to go down as the deflection angle decreases. 
 
The simplified boundary conditions introduced in this chapter cause errors on the 
predicted results, but it seems likely that it can still capture the general behavior as the 
relative sector pole-piece dimensions are changed, or the total deflection angle is 
reduced. Changing the relative dimensions in the magnetic sector deflector design 
was not found to affect the achievable probe size much. 
 
The circular magnetic sector deflector with 2 pole-pieces was found to have a rather 
large dispersion, something that can be of use for a spectroscopic instrument using 
beam separation, like the SPSSEM. If the electron gun supplies an electron beam with 
small relative energy spread, typically κ = 10-4, the primary beam will not be 
significantly affected. In a spectroscopic instrument the sector deflector can 
potentially help in separating secondary, Auger and backscattered electrons in order 
to investigate the electron spectra in greater detail. 
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CHAPTER 3  
SIMULATION OF A CIRCULAR MAGNETIC SECTOR 
DEFLECTOR WITH THREE POLE-PIECES 
 
3.1 Introduction 
The circular magnetic sector deflector with two concentric pole-pieces, presented and 
investigated in chapter 2, is predicted to be capable of stigmatic deflection of an 
electron beam, while keeping on-axis aberrations small. At the same time, it has a 
fixed energy dispersion. This chapter presents a circular magnetic sector deflector that 
uses 3 concentric sectors, which is a simpler, circular version of the square magnetic 
sector deflector, presented in a recent patent by Mankos [3.1], consisting of two pre-
sectors, one main sector and two post-sectors. Adding a pole-piece ring to the two 
pole-piece circular sector deflector described in the previous sections, in principle 
gives an extra degree of freedom to vary either the energy dispersion or the aspect 
ratio of an image area. Mankos [3.1] claims that the two added outer sectors in his 
design helps to form stigmatic focusing in more than one plane, but he did not 
consider energy dispersion. 
 
The dispersive action of the two pole-pieces sector deflector in the last chapter was 
predicted not to cause any problems for the SPSSEM, as the relative energy spread κ 
of the primary beam is small. Therefore, the three pole-piece sector deflector 
investigated in this chapter is not necessary for the SPSSEM setup. For other specific 
applications that comprise various electron optical units, dispersion may couple with 
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aberrations from these units and cause severe imaging limitations. The electron mirror 
employed in the aberration corrected PEEM instrument [3.2] is an example of such a 
unit. The electron beam separator used in that instrument has a rather complex design, 
to allow it to be free of both linear and second order dispersion and at the same time 
to cancel out many low order aberrations [3.3].  
 
The aim here is to simulate the three pole-piece sector deflector, in order to find a set 
of sector excitation values that result in stigmatic deflection of an electron beam, low 
on-axis aberrations and minimised energy dispersion. The advantages of using a 
circular design include the ease of manufacturing and alignment of the sector 
deflector, and that the deflection angle is not limited to a particular value. 
 
3.2 Stigmatic Operation 
A schematic of the new circular magnetic sector deflector is shown in Fig. 3.1. The 
overall dimensions of the three pole-piece sector deflector were kept to the same size 
as the previous two pole-piece sector unit. This ensured that aberration sizes and 
energy dispersion could be directly compared to the two pole-piece sector deflector 
results. The new dimensions were chosen as; centre plate radius r = 3 mm; inner 
sector ring width w1 = 2 mm; outer sector ring width w2 = 2 mm; distance between 
centre plate and inner sector ring Δ1 = 0.5 mm; distance between inner and outer 
sector rings Δ2 = 0.5 mm; distance between outer sector ring and casing Γ = 2 mm; 
and out-of-plane gap size 2g = 2 mm. This means that the casing bore radius is 10 
mm, the same as for the 2 sector deflector. The magnetic sector excitations (scalar 
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potentials) assumed on the magnetic sectors are labelled as; Ψ0 for the inner sector 
plate; Ψ1 for the inner sector ring; and Ψ2 for the outer sector ring.  
 
Fig. 3.1. Schematic of the circular magnetic sector deflector with three pole-pieces 
















Since the method of simplified boundary conditions, outlined in the previous chapter, 
section 2.4, was predicted to be fairly accurate, the same method has been used here 
to simulate the magnetic field distribution.  
 
For the square magnetic sector deflector, Mankos [3.1] used excitation values where 
the resulting field of each sector points in the same direction. This way of operating 
the magnetic sector deflector results in an energy dispersion comparable to that of a 
single homogenous magnetic field, similar to the results presented for the two pole-
piece sector deflector in subsection 2.3.2. Here, only excitation settings where Ψ1 is 
opposite in sign compared to Ψ2 and Ψ0 are presented, because it has interesting 
implications for the energy dispersion. Positive values were chosen for Ψ0 and Ψ2, so 
only negative values were considered for Ψ1.  
 
A beam energy of 6 keV was assumed for the simulations and only beams converging 
at the centre was considered. As for the magnetic sector deflector with two sectors, 
the sector excitations (Ψ0, Ψ1 and Ψ2 in this case) were adjusted to provide a fixed 
90° deflection angle. The curves in Fig. 3.2 show different excitation settings Ψ0, Ψ1 
and Ψ2 that keep the deflection at 90°, but not in general stigmatic, nor dispersion free. 
 
Due to the alternating magnetic field directions, electrons in the beam travel along 
meandering paths. Fig. 3.3 shows examples of electron trajectory paths within the in-
plane for electrons converging at the centre of the magnetic sector deflector and for 

























Fig. 3.2. Graphs show different settings for the excitations Ψ0, Ψ1 and Ψ2 that result 
in 90° deflection. 
 
 
Fig. 3.3. Schematic showing electron trajectories passing the magnetic sector 
deflector. (a) illustrates the ray paths for a beam focused at the centre of the deflector. 
(b) illustrates how electrons of two different energies first separate and then rejoin as 
they exit after deflection. 
 





The predicted in-plane and out-of-plane focus positions and exit semi-angles, as well 
as the energy dispersion were monitored for different excitation settings of the sector 
deflector. The converging beam was set to have an entrance semi-angle of 1 mrad, 
and the energy dispersion was monitored for an energy difference ΔE = 100 eV, or a 
relative energy spread κ = 100/6000 = 0.017. The results are presented in Figs. 3.4-
3.6, where the graphs are shown for a range of values of Ψ1 and a fixed Ψ2, while Ψ0 
is directly linked to the values of Ψ2 and Ψ1 according to Fig. 3.2. It was found that 
dispersed rays seem to emerge from the centre of the deflector, just like for the two 
pole-piece sector deflector. Therefore, it is enough to consider the angular difference 
(angular dispersion) from 90° deflection angle, Δθ, for electrons of different energies 





















Fig. 3.4. Graphs show in-plane and out-of-plane focus positions as functions of the 
























Fig. 3.5. Graphs show in-plane and out-of-plane exit semi-angles as functions of the 





























Fig. 3.6. Graph shows angular dispersion as function of the excitation Ψ1 for Ψ2 = 





Some observations can be made from these three graphs. The in-plane focus position 
and the in-plane exit angle do not change values. The out-of-plane focus position can 
be set to zero for the same excitation values that result in equal (1 mrad) exit semi-
angles for the in-plane and out-of-plane. These stigmatic conditions are in line with 
what has been found for the two pole-piece deflector, only that here, it holds true for a 
range of sector excitations. In general, the stigmatic focusing conditions does not 
eliminate angular dispersion. The following sector excitation values are predicted to 
achieve simultaneously stigmatic and dispersion-free deflection (at least to the first 
order): Ψ0 = 121.32 AT, Ψ1 = -34.93 AT and Ψ2 = 23.86 AT.  
 
3.2.1 On-axis Aberrations 
In-plane and out-of-plane on-axis aberrations were investigated in the same manner as 
previously described in chapter 2, for the two pole-piece circular sector deflector. The 
excitation values on the sector plates were set to stigmatically deflect a 6 keV electron 
beam through 90°, with low energy dispersion. Predicted aberration sizes for different 
exit semi-angles and a relative energy spread of κ = 10-4 are presented in Fig. 3.7. 
 
Aberration coefficients were extracted from the graphs in Fig. 3.7 by the use of the 
least squares method (used in chapter 2), and taking Eqs. (2.1) and (2.2) as fitting 



























Fig. 3.7. Electron probe radius as a function of exit semi-angle after 90° deflection, 
for an incoming diverging beam.  
 
 




21 ααα GGG CCCr ++=Δ   
CG1 (μm) CG2 (mm) CG3 (m) 
Δr (nm) 
α = 1 mrad 
In-plane 10-8 0.0007 2×10-7 0.0007 
Out-of-plane -0.051 0.0052 0.150 0.10 
 
Table 3.2. Chromatic aberration coefficients. 
κακ 21 CC CCr +=Δ   
CC1 (mm) CC2 (mm) 
Δr (nm) 
α = 1 mrad 
κ = 10-4 
In-plane 2×10-6 0 0.0002 
Out-of-plane 0 -4.37 0.44 
 
As expected, due to the circular symmetry, in-plane aberrations are predicted to be 
very small, but at least one order of magnitude larger than the in-plane aberrations of 
the two pole-piece sector deflector. The out-of-plane geometric aberration is predicted 
to be the largest for exit semi-angles > 1.5 mrad and a relative energy spread of κ = 
10-4, while the out-of-plane chromatic aberration will be larger at smaller exit semi-
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angles. These aberrations are about an order of magnitude larger than those found for 
the previous two pole-piece sector deflector. As an example, consider an electron 
primary beam entering the magnetic sector deflector at 1 mrad and with a relative 
energy spread of 10-4. The out-of-plane geometric aberration is predicted to limit the 
probe radius to 0.10 nm, and the out-of-plane chromatic aberration to 0.44 nm. 
Assuming that an objective lens does an additional demagnification of 10 this is 
translated to 0.010 nm and 0.044 nm at the specimen. Typical probe forming 
objective lenses in the SEM or the SPSSEM [3.4] limit the probe size to be larger 
than 1 nm, and it is therefore predicted that the on-axis aberrations of the three pole-
piece sector deflector presented here do not limit the achievable probe size for SEM 
applications.  
 
3.2.2 Energy Dispersion 
The energy dispersion was investigated in the same way as was done in chapter 2, by 
simulating electrons of different energies as they traverse the magnetic sector 
deflector. Electrons of different energies were assumed to travel along a straight 
optical axis, towards the centre of the magnetic sector deflector. Like for the previous 
two pole-piece sector deflector, deflected electrons of different energies all appear to 
come from the centre of the sector deflector and need only be characterised by their 





























Fig. 3.8. Angular dispersion as a function of the relative energy spread. 
 
The angular dispersion was quantified according to Eq. (2.3), in the same way as in 
chapter 2, and the resulting dispersion coefficients are displayed in Table 3.3. 
 




21 κκκθ DDD CCC ++=Δ  
CD1 (mrad) CD2 (mrad) CD3 (mrad) 
Δθ (mrad) 
κ = 10-4 
-0.3645 -198.2 243.9 0.000038 
 
It can be seen in Fig. 3.8 and from comparing the dispersion coefficients in Table 3.3 
to those in Table 2.10, the linear dispersion has been effectively eliminated, and the 
resulting angular dispersion is over two orders of magnitude smaller than that of the 2 
sector deflector for an energy spread of κ = 10-4. As an example, consider the 
relatively large energy spread of κ = 0.2, this value was used by Muller et al. in their 
paper [3.3] to demonstrate the very low dispersion of their beam separator, which  
corrected for linear and second order dispersion by using a high degree of symmetry 
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in its design. They reported an angular dispersion of 1.7 mrad for 90° deflection. The 
magnetic sector deflector presented in this chapter has an angular dispersion of 6.0 
mrad. For the same relative energy spread κ, the two-plate magnetic sector deflector 
is predicted to have an angular dispersion of 105 mrad, and an equivalent 
homogenous magnetic field deflector an angular dispersion of 87 mrad, both for the 
deflection angle of 90°. 
 
As can be seen from Fig. 3.8, the angular dispersion is asymmetric with respect to the 
relative energy spread. However, by choosing the nominal beam energy so that the 
relative energy spread is positive, the lower dispersion value can be realised. In fact, 
since the angular dispersion is mainly quadratic in its dependence on the relative 
energy spread, the nominal energy can be chosen to be “in the middle” of the energy 
span so that κ = ±0.1. In this case the predicted angular spread is reduced to 2.2 mrad. 
 
3.2.3 Off-axis Aberrations 
In order to investigate the off-axis aberrations, spot diagrams were simulated using 
conditions similar to those described in the last chapter, subsection 2.2.4: the object 
consists of 9 point sources in a 3 by 3 square, where each point emits electrons 
defined by a cone shaped beam. The beams are then focused by an ideal lens (no 
aberrations) to form an intermediate image of the object at the centre of the magnetic 
sector deflector. Here it is assumed that the lens does a 10 times image magnification 
of a 1 μm by 1 μm object. Assuming an entrance beam semi-angle of 1 mrad into the 
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Fig. 3.9. Spot diagram showing the aberrations imposed by the sector deflector on a 
10 times magnified image of a 1 μm by 1 μm square array of point sources. The 
incoming semi-angle was assumed to be 1 mrad. 
 
From Fig. 3.9 it is seen immediately that off-axis aberrations are predicted to be large, 
with the largest aberrations generated as electrons go off-axis out-of-plane. This 
results in an elongation of the spots in the in-plane direction. Aberrated spots fit 
within a 200 nm radius in the intermediate image plane, which translates to a 20 nm 
radius limitation at the object, for a 1 μm × 1 μm field of view. This is about an order 
of magnitude worse than what was predicted for the magnetic sector deflector with 
two pole-pieces. In addition, it is seen that as electrons travel 5 μm off axis in the out-
of-plane, spots shift about 300 nm within the in-plane, and this translates to a shift of 
30 nm for a position that is 500 nm off axis at the object.  
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The predicted off-axis aberrations are clearly too large for most sector deflector 
applications. Some measures can be taken to lower these aberrations, such as 
increasing the size of the sector deflector, using a smaller incoming semi-angle α, 
reducing the deflection angle φ, and changing the relative sizes of the magnetic 
sectors. Predicted aberrations of a 5 times larger sector deflector is shown in Fig. 3.10. 
According to the simulations, aberration radii do not go down, but the in-plane shift is 
reduced 5 times, from 30 nm to 6 nm at the object. Halving the incoming semi-angle 
from 1 mrad to 0.5 mrad is predicted to reduce the aberration radii from 20 nm to 10 
nm at the object plane. A reduced deflection angle has not been investigated here but 
using, say, a 60° deflection instead of 90° is likely to reduce aberrations further. Since 
off-axis aberrations grow faster in the out-of-plane, increasing the out-of-plane gap 
size of the magnetic sector deflector (while keeping other dimensions fixed) is quite 
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Fig. 3.10. Spot diagram showing the aberrations imposed by a sector deflector, 5 
times larger than that of Fig. 3.9. Beam conditions were the same. 
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Off-axis simulations predict that an image area of aspect ratio unity (10 μm by 10μm) 
carried by parallel trajectories will emerge with an aspect ratio of 0.66 at an exit plane 
equal to the casing bore radius of 10 mm from the centre of the sector deflector. The 
shorter side of the image area is in the in-plane. Exit semi-angles are predicted to be 
close, with 5.39 mrad for the in-plane and 5.62 mrad for the out-of-plane, which 
means that the aspect ratio will increase with distances further away. At a plane 50 
mm away from the sector deflector centre, along the optical axis, the aspect ratio is 
0.89. This changed aspect ratio of the image area does not, however, limit the probe 
forming capabilities of the three pole-piece magnetic sector deflector. 
 
In principle it would be possible to operate this magnetic sector deflector with a 
selectable degree of dispersion. For instance, one could find the condition for 
maximum dispersion in order to do electron spectroscopy. This probably means 
exciting all three sectors with the same sign, but this has not been pursued here. 
 
Possible applications of the circular magnetic sector deflector with three pole-pieces 
are likely to be somewhat limited, due to the large off-axis aberrations that will limit 
the achievable field-of-view. In addition, most electron beam instruments that use a 
sector deflector, e.g, LEEM, function well with a dispersive sector deflector. A 
specific instrument that could benefit from the non-dispersive sector deflector 
presented here is the dual-energy electron beam inspector described in a patent by 
Mankos and Adler [3.5]. In this instrument, two primary beams of different energies 
are initially travelling along the same optical axis before being separated by an energy 
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filter and recombined by a dispersive magnetic sector deflector. If the non-dispersive 
sector deflector is used there is no need to separate the primary beams prior to 
deflection. Both beams would remain on the same optical axis after being 
stigmatically deflected. The present non-dispersive sector deflector thus promises to 




A circular magnetic sector deflector design, with three pole-pieces has been 
investigated by direct ray tracing simulations, and a way to operate it in order to form 
a stigmatic focus, free of first-order energy dispersion was outlined. Like the two 
pole-piece sector deflector, the three pole-piece sector deflector is likely to be well 
suited for different deflection angles, due to its circular geometry. The three pole-
piece sector deflector is predicted to have small on-axis aberrations, but unfortunately, 
it suffers from relatively large off-axis aberrations that put a limit on the achievable 
field-of-view, possibly preventing it from being used in many applications. 
 
If the off-axis aberrations can be reduced, by using a smaller deflection angle, smaller 
incoming semi-angle, larger out-of-plane gap size, or some other means, it may be 




The simplified boundary conditions used here introduces errors on the predicted 
results, but is valid in predicting the general behavior.  
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CHAPTER 4  
EXPERIMENTAL RESULTS WITH THE CIRCULAR 
MAGNETIC SECTOR DEFLECTOR 
 
4.1 Introduction 
Computer simulation results, presented in chapter 2, predict that a circularly 
symmetric magnetic sector deflector with two concentric pole-pieces can be operated 
under such conditions that the aberration limited probe radius, depending on the 
objective lens demagnification, is of the order of a few nm over a field-of-view of 
about 1 μm by 1 μm. The next step is to try to confirm these theoretical findings with 
experimental results. 
 
In this chapter, imaging results are presented, obtained from experiments using the 
proposed circular magnetic sector deflector design with two pole-pieces, and 90° 
deflection. The experiments were conducted within a conventional scanning electron 
microscope (SEM). 
 
4.2 Experimental Setup 
Operating the magnetic sector deflector according to simulation recommendations, 
with an intermediate beam focus at its centre, means that the deflected beam will exit 
the magnetic sector deflector in a diverging manner and an auxiliary lens must be 
used to focus the beam onto the specimen. Here, a transmission beam experiment has 
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been designed, introducing a post-deflector lens that focuses the deflected beam onto 
a transmission specimen, as illustrated in Fig. 4.1. The advantage of using transmitted 
electrons is that they are easy to collect, ensuring good image contrast.  
 
Fig. 4.1. Schematic of the magnetic sector deflector in a transmission setup, situated 
on the specimen stage of an SEM. Electron trajectory paths within the magnetic 
sector deflector and the post-deflector lens are indicated (beam semi-angles have been 
exaggerated).  
 
The magnetic sector deflector setup shown in Fig. 4.1 is placed on the specimen stage 
of a conventional SEM, with the working distance set to focus the primary beam at 
the centre of the inner pole-piece. After deflection, the post-deflector lens focuses the 
diverging beam onto the specimen. Transmitted electrons strike a copper plate, in 
order to generate secondary electrons (SEs), which are subsequently detected by the 
existing SE detector of the SEM. In order to aid the focusing process, a piezo-electric 















SEM objective lens 
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Two magnetic sector deflector units were manufactured. The first unit was based on 
the dimensions used in the simulation work and an incoming electron beam of 6 keV. 
Unfortunately, this unit suffered from magnetic saturation in the inner pole-piece core, 
and could only be satisfactorily operated at 3 keV. Results obtained with this unit will 
be presented only briefly. The second unit is intended for higher beam energies than 6 
keV and is almost twice in size. 
 
A schematic of the second magnetic sector deflector is shown in Fig. 4.2 and a photo 
of the manufactured unit is presented in Fig. 4.3. Its outer dimensions are 40 mm × 40 
mm × 74 mm. Mild steel was used as the magnetic material for the magnetic sector 
deflectors and casing because it was easily available. The disadvantage of mild steel 
is its significant magnetic remanence and that it corrodes easily. The inner pole-piece 
has a diameter of 10 mm, the outer ring shaped pole-piece has an inner diameter of 12 
mm and an outer diameter of 20 mm. The pole-pieces were fitted into a rectangular 
block casing with a bore diameter of 36 mm. The relative pole-piece and gap sizes are 
no longer the same as in the original simulations, but the simulations in section 2.4 
predict that small changes to the relative dimensions of the magnetic sector deflector 
will not have a significant effect on the achievable final probe size. In between the 
inner and outer pole-pieces and in between the outer pole-piece and the casing are 
non-magnetic alignment rings, made of brass. The transverse magnetic gap is kept at 
4 mm with a copper spacer. Copper wire with diameter 0.5 mm was used to wind 152 
turns on each of the inner solenoid coils and 57 turns on each of the outer solenoid 
coils. Brass screws are used to adjust the positions of the pole-pieces horizontally 
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within the casing, to make sure that the magnetic gap is centred with respect to the 
entrance and exit bores. This ensures that the deflected beam enters the post-deflector 
lens as close as possible to the centre. 
 
Fig. 4.2. Plan view (left) and side view (right) of the second magnetic sector deflector. 
 
 
Fig. 4.3. A photo of the second magnetic sector deflector. In front of the sector pole-
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Since the magnetic sector deflector is relatively small, the post-deflector lens must be 
small too. The only way to achieve this, with a large enough magnetic excitation in 
the lens, is to use a permanent magnet design. The post-deflector lens design and 
dimensions are illustrated in Fig. 4.4. The pole pieces are made up of a mild steel top 
plate and include a sidewall of the magnetic sector deflector. In the case of the first 
magnetic sector deflector, a rare-earth NdFeB permanent magnet in the shape of a 
ring was used for the magnetic excitation of the lens. This means that the post-
deflector lens attaches to the side of the magnetic sector deflector by magnetic force, 
resulting in a very simple assembly. The ring has a height of 5 mm, an inner diameter 
of 10 mm and an outer diameter of 15 mm. The NdFeB material has a coercive force 
of 9000 AT/cm (ampere-turns per cm) and with a height of 5 mm the resulting lens 
excitation is 4500 AT. The top-plate is thinner on the outskirts in order to saturate the 
material there so that more magnetic flux will go through the gap.  
 
Fig. 4.4. Cross-section of the miniature permanent magnet post-deflector lens 





















In the case of the second magnetic sector deflector, a beam energy larger than 6 keV 
was to be used and in order to keep the focal length small the post-deflector lens 
needed stronger focusing power. The same lens was used, but with 8 small NdFeB 
disc-magnets added to increase the magnetic excitation. The disc magnets were 
placed symmetrically outside the ring magnet, as is shown schematically in Fig. 4.4 
and in the photo in Fig. 4.5. The disc magnets have a diameter of 4 mm and a height 
of 3 mm. 
 
Fig. 4.5. Photo of the miniature permanent magnet post-deflector lens, with 8 disc-
magnets placed symmetrically outside the ring-magnet. 
 
All parts of the magnetic sector deflector and the post-deflector lens were machined 
with an accuracy of ±0.1 mm. The post-deflector lens sits on the side of the magnetic 
sector deflector, attached by magnetic force, and was aligned to the exit bore of the 







The outer part of the post-deflector lens is open, which gives rise to a substantial 
magnetic leakage field, as can be seen in the simulated magnetic field distribution 
presented in Fig. 4.6. In the simulation, a circular symmetry was assumed around the 
exit optic axis, so that the lens would be well modelled. This means that the disc 
magnets are approximated as one large rotationally symmetric magnet. The magnetic 
sector deflector casing is also approximated to have circular symmetry around the 
post-deflector lens optical axis, and its interior geometry is approximated with 
straight edges. This simulation model is only meant to provide a simple estimate of 
the fringe fields, which are in practice asymmetric in three dimensions. 
 
Fig. 4.6. Simulated magnetic field distribution for the post-deflector lens, attached to 
the magnetic sector deflector casing. The lower bulk part approximates the magnetic 
sector deflector.  
 
With the magnetic sector deflector located just a few mm below the SEM objective 
lens, it is seen from Fig. 4.6 that the magnetic leakage field is predicted to reach the 






SEM objective lens. The specimen is located in close proximity to the post-deflector 
lens magnetic gap, as can be seen in Fig. 4.4, where there are only small leakage 
fields. Therefore, the leakage field crossing the gap between the SEM objective lens 
and the magnetic sector deflector is of most concern for the final image quality. The 
impact of the magnetic leakage field on the primary beam was investigated in a 
separate experiment and is discussed in subsection 4.3.2. 
 
Due to the disc-magnets being placed in a non-rotational manner, one concern is that 
non-rotational field components, such as multi-poles, might be introduced into the 
magnetic gap of the post-deflector lens and affect the primary beam. This however, is 
not a problem, as the pole-pieces are rotationally symmetric and the magnetic flux 
going through the top-plate and deflector sidewall will distribute itself evenly around 
the pole pieces. 
 
The axial component of the magnetic field along the axis of the post-deflector lens 
was measured using a F.W. Bell Series 9550 Teslameter, and the result is shown in 
Fig. 4.7 together with the simulated values. The measured peak magnetic field 
strength is 0.41 T (without additional disc-magnets it is 0.27 T), which is slightly 
larger than the simulation predicted value of 0.37 T. The difference can be accounted 
for by the fact that the simulation model does not take into account the SEM objective 
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Fig. 4.7. Measured and simulated magnetic field strength along the axis of the post-
deflector lens. 
 
The permanent magnet post-deflector lens has a fixed magnetic excitation and 
therefore also a fixed focus position for the primary beam. A piezo-electric actuator is 
used for focusing by moving the specimen along the post-deflector lens axis until its 
position coincides with the beam focus position. The actuator, from Omicron 
NanoTechnology GmbH, has a ±2.5 mm movement with a minimum step size of 40 
nm. 
 
The magnetic sector deflector/post-deflector lens and piezo-electric actuator are 
mounted onto the same aluminium support plate, which is then mounted directly on 
the specimen stage inside an SEM, as is shown schematically in Fig. 4.1. The 
specimen is placed at one end of an aluminium pipe, which is secured to an 









specimen can then be moved along the post-deflector lens axis by the piezo-electric 
actuator to reach a position close to the magnetic gap. It is important to be able to 
focus the beam onto the specimen as close to the magnetic gap as possible, so as to 
minimize the aberrations of the lens. 
 
Initial tests used current supplies with a 10-3 tolerance to excite the magnetic sector 
deflector, but this was found to be insufficient as the image was unstable at 
magnifications of a few thousand. After changing to current supplies with a tolerance 
of 2×10-5 the image quality was found to be sufficient for probe size investigations. 
Heating was not found to be a problem, the sector deflector was lukewarm at the end 
of experiments. 
 
4.3 Experimental Results 
4.3.1 The First Magnetic Sector Deflector Unit 
As was mentioned earlier, the first magnetic sector deflector unit suffered from 
magnetic saturation and had to be operated at a low electron beam energy of 3 keV. 
First, the setup was tested inside a JEOL 5600 tungsten SEM. The electron probe 
radius, after deflection, at the specimen was limited by large spherical and chromatic 
aberrations of the SEM objective lens, as well as of the post-deflector lens, and the 
final probe radius was around 30-40 nm.  
 
Fig. 4.8 shows a transmission image of a copper grid specimen with a periodicity of 
25 μm, captured with the first magnetic sector deflector setup, which was operated 
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according to simulation recommendations. The effective image magnification was 
roughly 3 times that indicated by the SEM, due to the demagnifying action of the 
post-deflector lens.  
 
Simulations in chapter 2 predicted that off-axis aberrations should be different for the 
in-plane and out-of-plane. This effect is visible in Fig. 4.8, where the image quality (a 
good indicator of the probe size) deteriorates faster in the v-direction than in the u-
direction. It is also seen that the image magnification is different in the u- and v-
directions. This is due to the fact that the magnetic sector deflector is stigmatic only 
in the image plane, which was also predicted in chapter 2. Therefore, the area scanned 
by the SEM will appear with changed aspect ratio after deflection, meaning that the 
scan distance becomes lengthened in one direction and shortened in the perpendicular 
direction. The aspect ratio of the image in Fig. 4.8 was normalised by simply using an 
image program to rescale it, and the resulting image is presented in Fig. 4.9. 
 
50 μm 
Fig. 4.8. A transmission image of a copper grid specimen with a periodicity of 25 μm. 
The effective image magnification is around 2500 times in the horizontal direction. It 






Fig. 4.9. The same image as is shown in Fig. 4.8, compressed in the horizontal 
direction resulting in a normalised field-of-view.  
 
4.3.2 The Second Magnetic Sector Deflector Unit 
The second, larger magnetic sector deflector allows a primary beam energy of above 
15 keV to be used, but in order to have sufficient freedom in changing the inner and 
outer sector excitation currents, the beam energy was kept around 12 keV (tuning the 
beam energy helped in focusing). Experiments were initially conducted within a 
JEOL 5600 tungsten SEM but the intermediate spot size that could be placed at the 
inner pole-piece centre, at about 25 mm working distance, proved to be too big 
(around 120 nm) and this limited the achievable final probe radius. After moving the 
experimental setup into a Philips XL30 field-emission SEM the intermediate spot size 
was much reduced, typically to some 15-20 nm. 
  
Fig. 4.10a shows an example of a transmission image taken with the second magnetic 
sector deflector setup. The specimen used is a lacey carbon film that consists of 
strands with diameters between 100-300 nm. The lacey carbon film is supported by a 
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300 mesh per inch copper grid with a periodicity of 85 μm, which was used to 
recalibrate the image magnification. This is needed, because the post-deflector lens 
does an additional image magnification, found to be 6 times.  The transmission image 
in Fig. 4.10b was captured with the SEM operating in the conventional way, while 
suppressing the direct SEs and collecting the BSE excited SEs. The large black area 
of both images in Fig. 4.10 is the edge of a copper grid bar. Fig. 4.10a demonstrates 
that the circular magnetic sector deflector, together with a miniature permanent 
magnet post-deflector lens, can be operated to deflect and form a stigmatic image of 
the specimen, as predicted by simulation. 
 
  
5 μm      4 μm 
(a)      (b) 
Fig. 4.10. Experimental transmission images of a lacey carbon specimen inside a 
Philips XL30 SEM. (a) Beam deflected through 90° and focused by a miniature 
permanent magnet post-deflector lens. Beam energy at 12.7 keV and an effective 
image magnification of around 27000. (b) Undeflected beam focused by the SEM 
objective lens. Beam energy at 12 keV and image magnification of 38000. 
 
Due to the magnetic remanence of the mild steel material, the currents applied to the 
inner and outer exciting coils were not necessarily the same from one time to another. 







for the outer sector coil. Remembering that the inner sector pole-piece is part of both 
inner and outer magnetic circuits, the actual magnetic excitation values were around 
140-170 AT for the inner sector and 10-13 AT for the outer sector, applied in 
opposite directions. 
 
Fig. 4.11 shows a high magnification transmission image captured from the same 
lacey carbon sample. All stigmatic adjustments were done within the magnetic sector 
deflector and without the need for the SEM’s conventional stigmator. In order to 
estimate the electron probe radius, linescans were obtained over the copper grid edge. 
The distance over which the signal intensity rises from 25% to 75% of its total 
increase can be taken as a measure of the probe radius [4.1]-[4.2]. 
 
1.1 μm 
Fig. 4.11. Same edge as shown in Fig. 4.10. The effective magnification here is 
around 108 000 times. 
 
A typical linescan graph, obtained from the image in Fig. 4.11, is presented in Fig. 
4.12. The general shape of each linescan graph has an initial quick rise, followed by a 
plateau or sometimes a small descent, before going on to a second slower rise. It is 
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not immediately obvious over which part of the graph the probe radius should be 
measured in order to capture the behaviour of the electron probe alone, without 


















Fig. 4.12. A typical linescan graph taken over the copper grid edge in Fig. 4.11. 
 
By imaging the specimen in transmission mode, using the conventional SEM setup 
without any added units, it was found from linescans that the edge profile could vary 
quite a lot from one edge to another. Some slopes would rise sharply, while others 
rose slowly. Imaging in the normal SE mode revealed a rather jagged surface profile 
of the copper grids, and this can be used to give a qualitative discussion on the edge 
behaviour. 
 
Assuming that the scanned beam passes over regions with different transmission 
ratios as it traverses the edge, as is illustrated in a simple schematic in Fig. 4.13, it is 
possible to calculate the transmission intensity at different points along the edge, by 
Plateau
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using convolution. For the mathematical description of convolution, see for example 
[4.3]. The transmission ratio, due to forward scattering, at any point depends on 
factors such as the local surface material, slope and contamination. Adopting spatially 
arbitrary units (a.u.), segments 2, 3 and 4 of Fig. 4.13 were assumed to have widths 
50, 80 and 80 a.u., respectively, and transmission ratios 80%, 60% and 80%, 
respectively. Segments 1 and 5 are assumed to extend much further and have 
transmission ratios 0 and 100%, respectively. Further, the electron beam probe is 
assumed to have a Gaussian distribution, with the beam radius defined as the half 
width at half height. 
 
 
Fig. 4.13. Example of different transmission ratios, due to the local slope gradients, as 
the electron beam is scanned over a solid edge. Other causes for changes in the 
transmission ratios include different materials and local contamination along the edge. 
 
1 2 3 4 5
Primary beam Scan direction 
Solid edge
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Assuming two different beam radii, 35 a.u. and 47 a.u., and using discrete values for 
the convolution process, the resulting transmitted intensity at a certain point of the 
edge, xn, can be expressed as 




mnmn xxbxtxT  (4.1) 
where t(xm) is the local transmission ratio at a particular point, and b(xn - xm) is the 
Gaussian beam distribution with centre at xn (corresponding to the location of the 
electron probe). The distance between points in the calculation is xn+1 – xn = 1 a.u. A 
transmitted intensity graph can then be obtained by evaluating T for all xn (the 
scanned distance) over the edge. Two such graphs are presented in Fig. 4.14. 
 
When the assumed beam radius is 47 a.u. the intensity graph looks much like the 
graph in Fig. 4.12, with a plateau between the sharp rise and the more modest rise. 
For a beam radius of 35 a.u. there is a peak, followed by a descent, before a second 
slower rise. These two kinds of behaviour resemble what is seen experimentally. 
Measuring the distance over which the intensity graphs rise from 25% to 75% over 
the first rise in Fig. 4.14, taking the plateau or the peak as the maximum rise, yields 
34 a.u. and 47 a.u., respectively. These values correspond very well to the assumed 
beam radii. Of course, the approximation done here can only model the edge structure 
as a rough approximation, but it seems likely that the 25% to 75% rise over the first 




















Fig. 4.14. Calculated intensity curve over the edge shown in Fig. 4.13 for a gaussian 
beam profile. 
 
8 different line scans, like the one presented in Fig. 4.12, were obtained from different 
parts of the copper grid edge shown in Fig. 4.11 and accordingly, 8 different values of 
the probe radius were collected. The root-mean-square (RMS) value of the measured 
probe radii was calculated to be rtot = 7.1 nm, with a standard deviation σtot = 1.0 nm.  
 
The next task was to compare how this measured value of the probe size compares to 
the same setup, but without the sector deflector. In this way, the sector deflector 
aberrations can be estimated. In order to do this, on-axis spherical and chromatic 
aberrations of the post-deflector lens were simulated using the measured magnetic 
field distribution along the optical axis. This program is based upon perturbation of 
the paraxial trajectory and is part of the KEOS package [4.4]. At the beam conditions 
used for the experiment, the post-deflector lens on-axis aberration limited probe 
 35 a.u. radius 
S 47 a.u. radius 
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radius is predicted to be rlens = 2.0 nm and the probe size demagnification is predicted 
to be 6.1 times.  
 
The incoming projected probe size into the magnetic sector deflector needed to be 
experimentally measured. In order to do this, the sector deflector coils were taken out, 
leaving the mild steel casing open at the sides, but keeping the post-deflector lens 
attached to the sidewall. Magnetic measurements showed only negligible leakage 
field within the centre of the casing. A grid specimen was placed at the centre of the 
casing and the primary beam of the SEM was set to focus on to it with a working 
distance of 25.5 mm. After obtaining transmission images, and taking line scans over 
grid edges, an RMS value for the probe radius at the centre of the deflector casing 
(without sector deflector coils) was found to be rcentre = 51.03 nm, with a standard 
deviation σcentre = 14.24 nm. Taking into account the simulated demagnification value 
of 6.1 for the post-deflector lens, the estimated final probe radius at the specimen is 
rdemag = 8.4 nm, with a standard deviation σdemag = 2.3 nm, obtained for the 
experimental setup without the sector deflector coils. This measured probe size is 
limited by the finite source size of the SEM and the magnetic leakage field from the 
post-deflector lens (since the sector deflector coils have been taken out, the deflection 
aberrations of the magnetic sector deflector do not contribute). The rather large 
standard deviation comes from the fact that the measured edge resolution varied quite 
a lot from one edge to another. 
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On comparing the two measured estimates of the probe size, 7.1 ± 1.0 nm with the 
magnetic sector deflector aberrations and 8.4 ± 2.3 nm without, it can be concluded 
that the sector deflector aberrations lie well within the margin of experimental error, 
typically smaller than 2 nm over an image area of approximately 1 μm by 1 μm. This 
confirms the theoretical predictions already made in chapter 2, that the sector 
deflector aberrations will not be a limiting factor to nanometer image acquisition. It 
can further be concluded that the misalignment and machining errors for both 
magnetic sector deflector and post-deflector lens do not significantly limit the 
achievable probe size.  
 
The magnetic sector deflector setup used here suffers from some disadvantages, most 
notably the magnetic leakage field generated by the miniature permanent magnet 
post-deflector lens, which limited the resolution to around 8 nm. The leakage field 
can be avoided by using a detached post-deflector lens where the magnetic field is 
enclosed within the lens casing. Such a lens is described in the following subsection. 
 
4.3.3 A Miniature Magnetic Immersion Lens for an Improved Magnetic Sector 
Deflector Setup 
Experiments with the magnetic sector deflector setup in the previous subsection 
showed promising results, but the achievable electron probe size was limited by 
magnetic leakage fields from the transmission post-deflector lens. In order to improve 
the setup, a miniature permanent magnet immersion lens was designed to be used as 
the post-deflector lens. A schematic of the new magnetic sector deflector setup is 
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shown in Fig. 4.15. As the primary beam strikes the specimen, secondary electrons 
(SE) are scattered from the specimen surface and exit through the lens bore. These 
electrons are subsequently collected by the SEM’s conventional SE detector. 
 
The improved lens design is based on previous work on permanent magnet immersion 
objective lenses by Hordon et al. [4.5] in the context of estimating limits to low-
energy electron optics, and by Khursheed et al. [4.6] as an add-on objective lens for 
SEMs in order to improve their resolution. These lenses consist of a disc-shaped 
permanent magnet for magnetic excitation and a circularly symmetric magnetic 
casing for guiding the internal magnetic flux. This kind of design results in strong 
magnetic fields and very good electron optics. 
 
 
Fig. 4.15. Schematic of the magnetic sector deflector setup situated on the specimen 
stage of an SEM, with the post-deflector lens separated from the deflector unit. 
Electron trajectory paths within the magnetic sector deflector and the post-deflector 











SEM objective lens 
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Here, the casing is made up of a 2 mm thick top-plate, a 3 mm thick bottom-plate and 
a 10 mm thick ring. The overall diameter is 24 mm (the ring inner diameter is 20 mm) 
and all pieces are held together by magnetic force, making it very easy to assemble. A 
NeFeB permanent magnet disc (9000 AT/cm) is used for the magnetic excitation, 
having a diameter of 15 mm and the height 5 mm, resulting in a magnetic excitation 
of 4500 AT. Fig. 4.16 shows a plan view schematic of the miniature permanent 
magnet immersion lens, together with its simulated magnetic field distribution. It is 
clear from Fig. 4.16 that the magnetic flux runs within the mild steel casing, and 





Fig. 4.16. Plan view cross-section of the miniature permanent magnet immersion lens 
(dimensions in mm). 
 
The simulated magnetic field distribution along the optical axis of the miniature 
immersion lens is presented in Fig. 4.17, together with experimentally measured 
values. The measured values were obtained using a F. W. Bell Series 9550 
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Teslameter, and this curve shows a slightly sharper and larger rise than predicted by 
simulation. The discrepancy might be explained by assumptions made on the B-H 
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Fig. 4.17. Magnetic field distribution along the optical axis of the miniature 
immersion lens. 
 
The electron optical properties of the miniature immersion lens were simulated using 
software from the KEOS package [4.4], using the experimentally measured magnetic 
field distribution along the optical axis. The results for two different beam energies, 6 
keV and 12 keV, are presented in Table 4.1. The aberration coefficients and the focal 
length are in line with values reported by Khursheed et al. [4.6], and up to an order of 
magnitude smaller than the transmission post-deflector lens in the previous section. 
The working distance is defined as the distance from the lower part of the top-plate to 







 measured values 
▬ simulated values 
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Table 4.1. Electron optical properties at two different beam energies. WD = working 
distance, f = focal length, CS = spherical aberration coefficient, and CC = chromatic 
aberration coefficient.  
 6 keV 12 keV
WD (mm) 2.54 3.30
f (mm) 1.26 1.66
CS (mm) 0.921 1.37
CC (mm) 0.930 1.24
 
The miniature immersion lens was tested as a separate unit (no deflection) inside a 
JEOL 5600 tungsten SEM using a 6 keV beam. Fig. 4.18 shows images of a gold on 
carbon specimen, captured with and without the use of the miniature immersion lens. 
The diagonal lines visible in both images (less obvious in Fig. 4.18b due to poor 
image contrast) are noticeable only at high magnification. It seems to originate from 
periodic (close to 50 Hz) electrical noise coupling with the SEM column. 
Nevertheless, the comparison in Fig. 4.18 clearly shows the performance 
improvement achieved when using the miniature immersion lens. 
 
  
(a)      (b) 
Fig. 4.18. Comparison between image qualities using a JEOL 5600 SEM to image a 
gold on carbon specimen. (a) image captured using the miniature immersion lens at 
an effective image magnification of around 125 000 and (b) using the SEM in a 




The miniature immersion lens was preliminarily tested within the magnetic sector 
deflector setup, but due to a lack of time no proper experiments were carried out. 
Initial tests suffered from a weak secondary electron signal, and switching to an SEM 
with a high brightness gun, such as the Philips XL30 field-emission SEM used 
previously, might be necessary. Some means of aligning the miniature immersion lens 




The experimental work carried out in this chapter has confirmed the behaviour of the 
circular magnetic sector deflector, using two concentric pole-pieces, as predicted by 
simulations presented in chapter 2. It has shown that the off-axis aberrations grow in 
size differently in perpendicular directions to the optical axis, and that the image 
magnification too is different in perpendicular directions with respect to the optical 
axis. Most importantly, experiments have confirmed that the final probe size, 
deflected through 90°, can be kept below 2 nm over a 1 μm by 1 μm image area. It 
was also shown that any stigmatic adjustments can be performed within the magnetic 
sector deflector unit, without the need for additional stigmatic correction. 
 
Though not directly influencing the final probe size, using magnetic material with 
very small magnetic remanence is preferred, since this ensures that once the best 
current settings are found, they do not change. This would also greatly simplify the 
operation of the magnetic sector deflector unit. 
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The transmission experiment was useful as an initial investigation of the magnetic 
sector deflector. The sharp image contrast made operating the unit easier. The next 
step is to use the experience gained from these experiments in future applications of 
the sector deflector. 
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CHAPTER 5  
SIMULATION OF THE CIRCULAR MAGNETIC 
SECTOR DEFLECTOR AS A SPECTROSCOPIC UNIT 
 
5.1 Introduction 
In chapter 1 the spectroscopic scanning electron microscope (SPSSEM), based on a 
circular magnetic sector deflector concept, was presented. It basically consists of an 
image forming part and a spectroscopic part. Chapters 2 and 4 investigated the 
imaging capabilities of such an instrument by simulations and experiments, 
respectively. The conclusion from these investigations was that nanometer imaging is 
possible in the SPSSEM. The aim of this chapter is to characterise its spectroscopic 
properties. 
 
In order to analyse the spectroscopic characteristics of the SPSSEM, all of its main 
components, such as the objective lens, the magnetic sector deflector and any 
additional post-deflection unit must be simulated together. The SPSSEM setup 
considered here is schematically represented in Fig. 5.1. An SEM column, not shown, 
directs and focuses an electron primary beam into the centre of a circular magnetic 
sector deflector. The SEM column has the usual gun, condenser lens, stigmator, 
aperture, and scan coil components, and uses an auxiliary lens to focus the primary 
beam into the sector deflector. The magnetic sector deflector is set to stigmatically 
deflect the primary beam by 90°. The primary beam then enters a transfer lens, set to 
have a relatively long focal length, so that the primary beam enters the bore of the 
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objective lens nearly parallel. The objective lens is a combined retarding electrostatic 
and magnetic field immersion type, where the specimen is biased (typically around -5 
kV) and placed in a strong magnetic field (typically 0.3 Tesla or higher).  
 
Fig. 5.1. Schematic of the spectroscopic SEM layout. The full drawn lines indicate 
primary beam electrons and the dashed lines indicate the scattered electrons. 
 
The subsequent scattered electrons from the specimen are accelerated by the objective 
lens electric field and travel back towards the magnetic sector deflector, which 
deflects them away from the SEM column, towards a magnetic post-deflector unit. 
The transfer lens will tend to focus the scattered electrons to some degree, but there is 
no distinct focal point because of the energy spread. The wider-angle backscattered 
electrons can be collected by placing a detector below the upper pole-piece of the 
transfer lens, as is shown in Fig. 5.1. The scattered electrons are deflected by the 
magnetic post-deflector unit, which directs and focuses them on to a multi-channel 
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deflecting a converging beam, as was discussed in chapter 2, but the scattered 
electrons will be diverging as they enter the post-deflector unit. In addition, a first-
order focus is likely to be sufficient when capturing the energy spectrum. Taking 
these two points into account, a single square sector post-deflector will be adequate 
and this geometry has been considered in the investigation here. The spectrum may be 
directly collected in the form of an image (photodetector/CCD camera), alternatively, 
in order to attain higher energy resolution, electrons can be redeflected on to an array 
of band-pass spectrometers. 
 
In this chapter, the spectroscopic characteristics of the assumed SPSSEM setup, as 
depicted in Fig. 5.1, was investigated by numerical direct ray tracing. Magnetic sector 
excitations found from the results in chapter 2 for stigmatic deflection were used. 
 
5.2 An Electron Objective Lens and Transfer Lens Combination 
for the SPSSEM 
The transfer lens and objective lens designs considered here are shown in Fig. 5.2a, as 
they were modelled with the finite element method. Figs. 5.2b and 5.2c depict the 
calculated electric and magnetic field distributions suitable for focusing a 6 kV 
primary beam on to a specimen that is biased to -5 kV (providing a landing voltage of 
1 kV). The required excitation strengths on the objective lens and transfer lens 
assuming that the primary beam emanates from a point 5 cm above the transfer lens 
(from the centre of the magnetic sector deflector) was calculated to be 1166.7 AT and 
268.41 AT respectively.  For these conditions, the spherical aberration coefficient, Cs, 
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and the chromatic aberration coefficient, Cc, referred to the specimen plane, were 
simulated to be 0.24 and 0.22 mm respectively, with a focal length, f, of around 0.94 







Fig. 5.2. Simulation of the transfer lens and objective lens field distributions. (a) 
Overall layout. (b) Magnetic field distribution and axial field strength. (c) 
Equipotential lines and axial beam potential. 
 
Using an energy spread of 0.5 eV in the primary beam (Schottky field emitter), the 
predicted aberration limited probe radius via the root-sum formula of Barth and Kruit 
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Axial beam potential 
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electrostatic and magnetic field immersion objective lens depicted in Fig. 5.2 at a 1 
keV landing energy has been estimated to be less than 1 nm [5.2]. This is typically an 
order of magnitude better than for conventional SEMs. For a 10 kV primary beam, 
and a landing energy of 5 keV (specimen voltage of – 5 kV), an excitation of 1726.4 
AT in the objective lens and 397.17 AT in the transfer lens is required to focus the 
primary beam on to the specimen. The calculated focal length and on-axis aberrations 
are:  f =1.867mm, Cs = 0.667 and Cc = 0.651 mm. This gives an estimated aberration 
limited probe radius of 0.364 nm. These predicted on-axis aberrations demonstrate 
that the proposed objective lens for the spectroscopic SEM is expected to provide 
nano-resolution imaging, even when operating at relatively low landing energies. 
 
5.3 Direct Ray Tracing of the Scattered Electrons 
In order to solve the field distributions within the magnetic sector deflector with 
sufficient accuracy to determine aberration coefficients via direct ray tracing, a semi-
analytical technique using the Fourier-Bessel series was used, like the approach taken 
in chapter 2, section 4, but here the boundary conditions along the sector pole-piece 
plane were taken from a finite element solution. The value of simulated aberration 
coefficients calculated lay well within 5% of what was calculated directly from the 
finite element solution. The advantage of the semi-analytical method is that the field 
distribution changes smoothly and no field interpolation on a mesh is required. 
 
In the present context of the SPSSEM, the sector deflector need only be stigmatic in 
the image plane, and if needed the aspect ratio of the raster scanned image area can be 
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adjusted by the scanning coils located in the SEM column. The use of additional 
stigmator units and/or scan coils between the magnetic sector deflector and the 
objective lens is undesirable since this will restrict the collection of scattered 
electrons. The magnetic sector deflector simulated here is 5 times larger then the one 
considered in the simulations of chapter 2. This is because a larger unit is able to 
allow wider angle scattered electrons to reach the detector, and there will be more 
room to incorporate the excitation coils. For the primary beam, simulated on-axis 
aberrations from the present work for the circular magnetic sector deflector are 
predicted to be low, as shown in Tables 5.1 and 5.2. For a relative energy spread of 
10-4 and objective lens entrance angles of less than 5 mrad, both quite typical in 
scanning electron microscopy, the out-of-plane spherical aberration dominates. 
 




21 ααα GGG CCCr ++=Δ   
CG1 (μm) CG2 (mm) CG3 (m) 
Δr (nm) 
α = 1 mrad 
In-plane -0.0022 0.0063 0.000026 0.0041 
Out-of-plane 0.12 0.00055 0.0675 0.188 
 
Table 5.2. Chromatic aberration coefficients. 
κακ 21 CC CCr +=Δ   
CC1 (mm) CC2 (mm) 
Δr (nm) 
α = 1 mrad 
κ = 10-4 
In-plane 0.00011 0 0.011 
Out-of-plane 0 0.88 0.088 
 
Though the scattered electrons do not in general focus at the centre of the magnetic 
sector deflector both secondary and backscattered electrons exit approximately 
perpendicular to the outer sector pole-piece edge even for relatively large deflection 
angles. A circular magnetic sector deflector will therefore provide similar focusing 
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properties for secondary and backscattered electrons, making it easier to collect 
scattered electrons over a wide energy range with a single multi-channel detector. 
Magnetic excitations for stigmatic deflection were found to be the same for the 
current magnetic sector deflector as for the smaller one in chapter 2. This magnetic 
excitation was used in the simulation of the scattered electrons. 
 
5.3.1 Simulation of Scattered Electrons through the Objective and Transfer 
Lenses 
To investigate the behaviour of scattered electrons in the proposed SPSSEM, direct 
ray tracing is required. Accurate methods for ray tracing on finite element solved field 
distributions using bi-cubic spline interpolation have been previously reported in 
detail by Khursheed [5.3]. These methods were used to trace the trajectory paths of 
low energy secondaries and backscattered electrons through both the objective lens 
and transfer lens.  
 
It is instructive to first examine the trajectory paths above the specimen, as the 
electrons make their way through the objective lens bore. These trajectory paths are 
shown in Fig. 5.3 at emission energies 1 eV, 5 eV, 200 eV and 1 keV for emission 
angles up to 0.6 radians (primary beam at 6 kV and specimen voltage at – 5 kV).  
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Fig. 5.3. Simulated trajectory paths of scattered electrons through the objective lens 
(primary beam of 6 keV and specimen voltage -5 keV).  
 
Fig. 5.3a shows that the 1 eV secondaries tend to converge at a few millimeters above 
the specimen, but do not cross the axis. They subsequently appear to come from a 
virtual source located 2.3 mm above the specimen, that is, 0.3 mm into the objective 
lens upper pole-piece bore (the specimen has a working distance of 2 mm). The wider 
angle 5 eV secondaries dip closer to the axis, seen in Fig. 5.3b, and this effect 
becomes more pronounced as the secondary energy increases. At 200 eV, Fig. 5.3c 
1 eV 5 eV 
200 eV 1 keV 
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shows that all scattered electrons cross the axis (except the 0.01 radian ones) and they 
subsequently appear to emanate from a point located between 3.5 to 4 mm above the 
specimen (for emission angles up to 0.6 radians). For the backscattered electrons (1 
keV energy) shown in Fig. 5.3d, the situation is quite different, as expected. The 
lower emission angles are near parallel (similar to the primary beam as it approaches 
the specimen). However, above 0.3 radians, higher order aberrations in the lens cause 
the wider angle backscattered electrons to cross the axis. The backscattered electrons 
appear to emanate from a wide variety of different source positions as they exit the 
objective lens. 
 
Ray paths of scattered electrons travelling through the objective lens and transfer lens 
depicted in Fig. 5.3, for 3 eV and 1 keV energies (6 kV primary beam and specimen 
voltage of – 5kV), emitted over a wide range of angles are shown in Fig. 5.4. These 
trajectories were plot with initial angles ranging from 0 to 1.2 rad in steps of 0.2 rad. 
Fig. 5.4a shows that the secondary electrons are confined to a small region around the 
optical axis, typically smaller than a radius of 1 mm. All scattered secondaries are 
expected to reach the magnetic sector deflector. For the 1 keV backscattered electrons, 
shown in Fig. 5.4b, emission angles up to 0.6 rad travel through the transfer lens bore. 
For a primary beam of 10 keV and a landing energy of 5 keV, the transmission 
characteristics of the 3 eV secondaries and 5 keV backscattered electrons are 
approximately the same, although not shown here, the secondaries remain close to the 
optical axis, within 1 mm, while for the backscattered electrons up to 0.6 rad emission 
angles reach the sector deflector.  
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Fig. 5.4. Simulation of electron trajectory paths leaving the specimen in the transfer 
lens and objective lens for a 6 keV primary beam. (a) 3 eV secondary electrons 
emitted over the emission angle range of 0 to 1.2 rad in 0.2 rad intervals. (b) 1 keV 
backscattered electrons emitted over the emission angle range of 0 to 1.2 rad in 0.2 
rad intervals. 
 
The final position and velocity components of each ray traced from the specimen 
through the objective and transfer lenses were stored, and subsequently used as 
starting conditions to plot the ray through the sector deflector. 
 
5.3.2 Simulation of Scattered Electrons through the Circular Magnetic Sector 
Deflector and Post-sector Deflector Units 
Within the magnetic sector deflector, the semi-analytical technique formulated in 
terms of the magnetic scalar potential for the field distribution was used, while in the 
post-deflector, the field was approximated to have only one component and be 
constant inside it. In terms of understanding the first-order in-plane focusing action of 
the post-deflector, this approximation is adequate. Magnetic excitations suitable for 
stigmatic focusing of the primary beam were specified on to the sector pole-pieces. 
Fig. 5.5a shows rays traced for 3 eV and 1 keV scattered trajectories for a 6 keV 
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primary beam landing and specimen voltage of -5 kV. A single post-deflector with a 
0.005 Tesla field strength directs the scattered rays on to a multi-channel detector 
placed below it. The trajectory paths shown in Fig. 5.5a are a continuation of those 
depicted in Fig. 5.4. Fig. 5.5b depicts similar results for a primary beam energy of 10 
keV (landing energy of 5 keV). These ray paths clearly show that first-order in-plane 
focusing at the detector plane can be achieved. This comes from the fact that the 
scattered electrons are strongly focused within the sector deflector, so they seem to 
emanate from a definite point, they are then subsequently imaged within the in-plane 
by the first-order focusing action of the post-deflector. The simulated ray paths also 
indicate that most of the scattered electrons which leave the specimen are expected to 
reach the multi-channel detector: 100% collection for the secondaries, and a little 
below 50% collection for backscattered electrons. More backscattered electrons can 
of course be collected at the multi-channel detector if the size of the transfer lens and 
sector deflector is increased.  Taking into account the signal formed on the 
backscattered detector placed within the transfer lens, overall, the spectroscopic SEM 








Fig. 5.5. Simulated scattered electron trajectory paths from the sector deflector to the 
multi-channel detector using a single post-deflector. Emission angles at the specimen 
for the secondaries range from 0 to 1.2 rad and 0 to 0.6 rad for the backscattered 
electrons. (a) For a primary beam of 6 keV and landing energy of 1 keV. (b) For a 
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It should be noted that by using more than one post-deflector, secondary and 
backscattered electrons can be completely separated and collected by different 
detectors. This situation is depicted in Fig. 5.6 for the 10 kV primary beam (specimen 
voltage of -5 kV). An upper deflector has a field strength of -0.007 Tesla, while a 
smaller lower one has 0.012 Tesla. In this way, the secondary electrons are directed 
below the post-deflectors, while the backscattered electrons are directed above them. 
Due to the intrinsic in-plane focusing properties of magnetic deflection, first-order in-
plane focusing of both secondaries and backscattered electrons can be achieved at 
their respective detector planes. 
 
Fig. 5.6. Simulated 3 eV SE and 5 keV BSE trajectory paths from the sector deflector 
to the multi-channel detector using two post-deflectors. Emission angles at the 
specimen range from 0 to 1.2 rad for the SEs, and 0 to 0.6 rad for the BSEs. 
 
Although no reference to Auger electrons have been made so far, it is obvious that all 
the foregoing simulations are also relevant to acquisition of the Auger spectrum. If 
the means for creating a ultra-high vacuum at the specimen is achieved, the 
Post-deflectors 
Specimen at -5 kV, 5 
keV landing energy 
-0.007 T 
0.012 T 
10 keV PE 
10 keV BSEs 
5.003 keV SEs 
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spectroscopic SEM design presented here is also expected to have significant 
advantages for Auger Spectroscopy. 
 
5.4 Conclusions 
This chapter has presented a spectroscopic SEM design and analysed it through 
simulation based upon direct ray tracing. In addition to having high image resolution, 
the simulation results predict that the spectroscopic SEM should be capable of 
acquiring the whole scattered electron energy spectrum on a single multi-channel 




[5.1] J. E. Barth, and P. Kruit, “Addition of different contributions to the charged 
particle probe size”, Optik 101 (1996) 101. 
[5.2] A. Khursheed, “Aberration characteristics of immersion lenses for LVSEM”, 
Ultramicroscopy 93 (2002) 331. 
[5.3] A. Khursheed, “The finite element method in charged particle optics”, 
(Kluwer academic publishers, Boston, 1999). 
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CHAPTER 6  
SUGGESTIONS FOR FUTURE WORK 
Simulations of the circular magnetic sector deflector in chapter 2 predict very low in-
plane on-axis aberrations for a stigmatically deflected electron beam that is set to 
converge at the centre of the deflector. This was discussed in section 2 of chapter 2 
and is due to the circular magnetic sector deflector acting identically upon all 
electrons within the beam in the in-plane. Electrons in the out-of-plane on the other 
hand are not acted equally upon and these aberrations are many times larger, and this 
is depicted in Fig. 6.1a. By using sector pole-pieces with an inclination towards the 
middle plane, electrons would be travelling almost perpendicular to the magnetic flux 
lines regardless of the out-of-plane semi-angle, shown in Fig. 6.1b. A reduced 
dependence on the semi-angle should mean smaller out-of-plane aberrations, and this 
is worth investigating. A possible layout is presented in Fig. 6.1c. The magnetic scalar 
potential can be solved by using spherical coordinates ( )φθ ,,r  and separation of 
variables (cylindrical symmetry means no φ-dependence), and can be expressed as a 












sin1 π and a θ-dependent function 
(a and e are dimensions in the design). ( )rRn is orthogonal and can therefore be used 
to formulate the boundary conditions along the radius (the plane of the sector pole-
pieces). This means that simplified boundary conditions can be used, as was done in 
chapter 2, section 4. Initial calculations showed poor convergence in the resulting 
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series and more work needs to be done. A fully three dimensional finite element 
analysis can of course, also be carried out. 
 
Fig. 6.1. Out-of-plane ray schematic through sector pole-pieces. Electrons are set to 
focus at the centre of the deflector and the z-axis coincides with the axis of rotational 
symmetry. (a) Electron trajectories passing through the outer part of a magnetic sector 
layout. (b) Electron trajectories passing through the outer part of an inclined magnetic 
sector layout. (c) A possible magnetic sector deflector layout using inclined pole-
pieces.  
 
Ways to improve the aberration limited probe size for the circular magnetic sector 
deflector with 3 pole-pieces should be investigated. It is likely that a smaller 
deflection angle, a smaller incoming semi-angle, and a larger out-of-plane gap size 













The transmission experiments carried out in chapter 4 served as a good initial 
investigation of how to operate the magnetic sector deflector in practice. The setup 
suffered from magnetic leakage fields due to the open design of the transmission lens, 
and the predicted resolution limit has yet to be reached. The next step would be to try 
the new miniature magnetic immersion lens presented in subsection 4.3.3. Looking 
further ahead, the setup should be improved to allow biasing of the specimen in order 
to do spectroscopic experiments.  
 
It was predicted in chapter 2, section 6 that the circular magnetic sector deflector can 
stigmatically deflect two (or more) charged particle beams of different energies 
and/or charge-to-mass ratios, if one (or more) of the incoming beams are 
astigmatically adjusted. This has important implications. For instance, a combined 
SPSSEM and focused ion beam (FIB) instrument can be designed. A schematic for 
one such instrument is shown in Fig. 6.2. The primary ion beam enter the magnetic 
sector deflector at an angle appropriate to the energy and charge-to-mass ratio of the 
ions used, adjusted by electrostatic deflector plates. Since the ions are hardly 
deflected (as was pointed out in chapter 2, section 6), astigmatic adjustments of the 
incoming ion beam may not be necessary. The magnetic sector excitations within the 
sector deflector are adjusted for stigmatic deflection, preserving a round shape of both 
primary ion and electron beams. Here a common cathode objective lens is used for 
both ions and electrons. As long as the ions are negative, the cathode lens will have 
the same focusing action on electrons and ions. Note that there will also be scattered 
ions generated by the primary ion beam interacting with the specimen, but they are 
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unlikely to reach the output spectrometer due their much smaller charge-to-mass 
ratios. Further work needs to be carried out in the design of this proposal, particularly 
on how to extend the objective lens design so that it is suitable for both electrons and 
positively charged ions.  
 














CHAPTER 7  
CONCLUSIONS 
The main objectives of this thesis were to investigate improvements in the design and 
use of magnetic sector deflectors in electron optics. Only magnetic sector deflectors 
with circular geometry were considered, as they are well suited for different 
deflection angles, unlike straight edged sector deflectors that have only one preferred 
deflection angle, and they are particularly simple to manufacture and align, making 
them attractive for many applications.  
 
A novel spectroscopic scanning electron microscope was proposed based on the 
simulations carried out in this thesis. This instrument is predicted to be able to 
provide high image resolution and capture the full energy range of the scattered 
electrons. It promises to greatly extend the SEM as an analytical tool in surface 
science and high resolution microscopy.    
 
The circular magnetic sector deflector with two pole-pieces was simulated for a 6 keV 
electron beam by direct ray tracing, using magnetic fields solved by the finite element 
method. A new way of operating the magnetic sector deflector for stigmatic 
deflection of an electron beam set to converge at its centre was outlined. No 
additional stigmatic correction is predicted to be needed. Predicted low aberrations 
indicate that use in LEEM and the spectroscopic SEM is feasible. 
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The simplified boundary conditions introduced and used in some of the simulations 
causes errors on the predicted results, typically a 30 - 40 % increase in the probe radii, 
but it still captures the general behavior of the magnetic sector deflectors. Changing 
the relative dimensions in the magnetic sector deflector design was not found to affect 
the achievable probe size much. 
 
It is predicted that the circular magnetic sector deflector can be operated in a 
stigmatic way for any deflection angle 0 < φ < 90°. In addition, once a stigmatic 
condition has been found for a 90° deflection of a 6 keV beam, any charged particle 
with charge-to-mass ratio smaller than the electron and/or energy larger than 6 keV 
can be stigmatically deflected by adjusting the incoming beam to be astigmatic. In 
these cases, the on-axis aberrations are mainly determined by the deflection angle and 
are predicted to go down when the deflection angle is reduced. The simultaneous 
stigmatic deflection of charged particle beams of different energies and/or charge-to-
mass ratios has many possible applications in electron and ion microscopy, such as 
the possibility of making combined electron-ion inspection instruments.  
 
A circular magnetic sector deflector with three pole-pieces was simulated and 
operating conditions to achieve stigmatic deflection and very low energy dispersion 
was found. It is predicted to have aberrations about an order of magnitude larger than 
the sector deflector with two pole-pieces. Operating at a smaller deflection angle, 
smaller incoming semi-angle, or larger out-of-plane gap size is likely to reduce 
aberrations as well as the energy dispersion effect. 
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Experiments largely confirmed the simulation predicted results, such as the operating 
conditions for stigmatic 90° deflection, the different dependence of the aberration 
limited resolution on perpendicular directions in the final image, and the fact that no 
additional stigmatic correction is needed in order to operate the magnetic sector 
deflector. The aberration limited resolution of <2 nm over a 1 μm by 1 μm image area 
was not reached due to leakage magnetic fields from the transmission lens used, but 
the sector deflector aberrations lie well within the margin of experimental error, 
typically smaller than 2 nm over an image area of approximately 1 μm by 1 μm. A 
new miniature magnetic immersion lens was proposed and is expected to do better. 
 
Simulation results further predict that the spectroscopic SEM, based on the circular 
magnetic sector deflector with two concentric pole-pieces, with the help of a simple 
post-deflector is capable of acquiring the whole scattered electron energy spectrum on 
a single multi-channel detector, provide first-order focusing on the detector plane, and 
have high transport efficiency. 
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APPENDIX A  
INTRODUCTION TO THE FINITE ELEMENT METHOD 
The finite element method (FEM) was introduced briefly in chapter 2. Here, a more 
detailed introduction is given. In using the FEM, the domain to be analysed is divided 
into a mesh, consisting of a large number of ‘finite elements’. Wherever an interface 
occurs between two media (e.g. at the surface of magnetic sectors), the mesh lines are 
chosen to coincide with the interface, giving great flexibility in the modelling of any 
shape.  Magnetic vector potential values are assigned to each mesh-point, and are 




vvv ×∇= , where Bv is the magnetic field. From Maxwell’s equations, the 








⎛×∇ μμ  (A1) 
where μ is the magnetic permeability, and Jv is the current density at any point.  
 
Finding the solution of (A1) is equivalent to minimizing the functional  
( ) ( )∫ ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ⋅−×∇⋅×∇= dvAJAAI vv
vvvv
μ2  (A2) 
with respect to changes in the magnetic vector potential A
v
, provided that they are 
both subjected to the same boundary conditions (see for instance Munro [A.1]). In 
FEM the minimization is done with respect to the values of A
v
 at the nodes of the 
finite element mesh. The functional includes μ and Jv , and the FEM can therefore take 
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into account the non-linearity of magnetic materials (including saturation) as well as 
the currents that generate the magnetic fields. The functional must have stationary 
values at each mesh-point, so that nodal equations can be set up, relating the vector 
potential A
v
at the node to the vector potentials at adjacent nodes. The set of algebraic 





[A.1] E. Munro, “Computer-aided design methods in electron optics”, PhD thesis 
(Cambridge, 1971) 106. 
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APPENDIX B  
ELECTRON TRAJECTORY TRACING USING THE 4TH 
ORDER RUNGE-KUTTA METHOD 
The 4th order Runge-Kutta method can be used to numerically approximate the solution 
of a first-order initial value problem, defined as 
( ) ( )yxfxy ,=′ , ( )00 xyy =  (B1) 
The numerical approximation for the solution of Eq. (B1) is found through an iterative 
process (starting with 0y ) 
( )43211 226 kkkk
hyy nn ++++=+  (B2) 
where 
( )nyfk =1  (B3a) 
⎟⎠
⎞⎜⎝
⎛ += 12 2 k
hyfk n  (B3b) 
⎟⎠
⎞⎜⎝
⎛ += 23 2 k
hyfk n  (B3c) 
( )34 hkyfk n +=  (B3d) 
Thus, the next value is determined by the present value plus the product of the size of the 
interval and an estimated slope. 
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The equations of motion are derived from Lorentz force equation, which governs the 
behaviour of a charged particle moving in electric and magnetic fields 
( )BvEqF vvvv ×+=  (B4) 




are the electric and magnetic fields, 
respectively. The equations of motion can be expressed in Cartesian coordinates x, y, and 
z as first-order differential equations 
ux =&  (B5a) 
vy =&  (B5b) 
wz =&  (B5c) 
( )yzx wBvBEmeu −+−=&  (B5d) 
( )zxy uBwBEmev −+−=&  (B5e) 
( )xzz vBuBEm
ew −+−=&  (B5f) 
where xE , yE , zE are electric field components, while xB , yB , zB are magnetic field 
components. 
 
In order to trace electrons through electric and/or magnetic fields, Eqs. (B5a-f) are 
integrated numerically by using the approximation given by Eqs. (B2) and (B3a-d), and 
including the starting point given in Eq. (B1). 
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APPENDIX C 
EVALUATION OF THE MAGNETIC SCALAR 
POTENTIAL USING SIMPLIFIED BOUNDARY 
CONDITIONS 
The magnetic scalar potential for the circular magnetic sector deflector is expressed in 
chapter 2, section 4, as  






=Ψ ρξρ  (2.5) 
with constants 










2 ρρρρξ  (2.6) 
The integral in Eq. (2.6) can be evaluated by assuming the simplified boundary 
conditions outlined in section 2.3. 































ln∫∫ Ψ+Ψ+  (2.7) 
This equation is evaluated by using standard relations for Bessel functions 
( )kxkJkxJ 10 )(' −=  ⇒  ( ) ( ) constk
kxJ
dxkxJ +−=∫ 01  (C1) 







1−=  ⇒  ( ) ( ) constk
xJxdxkxxJ +=∫ 10  (C2) 
A third relation that will be useful is derived from Eqs. (C1) and (C2) by the use of 
partial integration 
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kxJxx  (C3) 
Eq. (2.7) consists of four integral terms that can be individually evaluated using Eqs. 
(C2) and (C3). 






















⎡Ψ=Ψ= ∫ ρρρρρ  (C4) 
( ) ( )
( ) ( )
( ) ( ) ( ) ( ) ( )( ) ( )
( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( )
( )
( )
( ) ( )




















































































( ) ( )
( ) ( ) ( )( )
( ) ( ) ( )









































































⎡Ψ=Ψ= ∫ ρρρρρ  (C6) 
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⎛ +−Ψ=  (C7) 
Eqs. (C4) to (C7) are used in Chapter 2 as Eqs. (2.8a-d). 
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